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FOREWORD

The mission of the U.S. Geological Survey (USGS) isto assess the quantity and quality of the earth resources of the
Nation and to provide information that will assist resource managers and policymakers at Federal, State, and local levels
in making sound decisions. Assessment of water-quality conditions and trendsis an important part of this overall mission.

One of the greatest challenges faced by water-resources scientists is acquiring reliable information that will guide
the use and protection of the Nation’s water resources. That challenge is being addressed by Federal, State, int
local water-resource agencies and by many academic institutions. These organizations are collecting water-quali
a host of purposes that includes: compliance with permits and water-supply standards; development of remedi
for a specific contamination problem; operational decisions on industrial, wastewater, or water-supply faciliti
research on factors that affect water quality. An additional need for water-quality information is to provide a basis
regional and national-level policy decisions can be based. Wise decisions must be based on sound information.
we need to know whether certain types of water-quality problems are isolated or ubiquitous, whether there are
differences in conditions among regions, whether the conditions are changing over time, and why these conditio
from place to place and over time. The information can be used to help determine the efficacy of existing wat
policies and to help analysts determine the need for and likely consequences of new policies.

To address these needs, the Congress appropriated funds in 1986 for the USGS to begin a pilot progra
project areas to develop and refine the National Water-Quality Assessment (NAWQA) Program. In 1991, the US
full implementation of the program. The NAWQA Program builds upon an existing base of water-quality studie
USGS, as well as those of other Federal, State, and local agencies. The objectives of the NAWQA Program are

« Describe current water-quality conditions for a large part of the Nation’s freshwater streams, rivers, and
« Describe how water quality is changing over time.
« Improve understanding of the primary natural and human factors that affect water-quality conditions.

This information will help support the development and evaluation of management, regulatory, and mo
decisions by other Federal, State, and local agencies to protect, use, and enhance water resources.

The goals of the NAWQA Program are being achieved through ongoing and proposed investigations of
Nation’s most important river basins and aquifer systems, which are referred to as study units. These study
distributed throughout the Nation and cover a diversity of hydrogeologic settings. More than two-thirds of the
freshwater use occurs within the 60 study units and more than two-thirds of the people served by public wat
systems live within their boundaries.

National synthesis of data analysis, based on aggregation of comparable information obtained from the st
is a major component of the program. This effort focuses on selected water-quality topics using nationally ¢
information. Comparative studies will explain differences and similarities in observed water-quality conditions
study areas and will identify changes and trends and their causes. The first topics addressed by the national s
pesticides, nutrients, volatile organic compounds, and aquatic biology. Discussions on these and other water-qu
will be published in periodic summaries of the quality of the Nation’s ground and surface water as the information
available.

This report is an element of the comprehensive body of information developed as part of the NAWQA Prog
program depends heavily on the advice, cooperation, and information from many Federal, State, interstate, Tribal
agencies and the public. The assistance and suggestions of all are greatly appreciated.

Robert M. Hirsch
Chief Hydrologist
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Multiply By Toobtain
square meter (m?) 0.0002471acre
hectare (ha) 2471  acre
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cubic meter (m%)  35.31 cubic foot
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Sealevel: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)--a geodetic datum derived
from a general adjustment of the first-order level nets of the United States and Canada, formerly called Sea Level D&um of 192

Abbreviated water-quality units used in thisreport: Chemical concentrations and water temperatures are given in metric units. Chemical
concentration is given in milligrams per liter (mg/L) or micrograms per iigfL). Milligrams per liter is a unit expressing the concentration
of chemical constituents in solution as weight (milligrams) of solute per unit volume (liter) of water. One thousand mipeydi@mis
equivalent to one milligram per liter. For concentrations less than 7,000 mg/L, the numerical value is the same as th8aoircpatts

per million.
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CHEMICAL ABBREVIATIONS

BCNP Big Cypress National Preserve BHC hexachlorocyclohexane
BNRP Broward County Department of Natural Resource Prote¢tic DDE 1’ (2,2-dichloroethenylidene)bis[4-chlorobenzene]
DERM Dade County Environmental Resource Management DDT 1’ 92,2,2-trichloroethenylidene)bis[4-chlorobenzene]
EAA Everglades Agricultural Area EBDC ethylenebisdithiocarbamates
ENP Everglades National Park EDB ethylene dibromide
FDEP Florida Department of Environmental Protection MSMA monosodium methanearsonate
FGFWFC Florida Game and Freshwater Fish Commission PAH polyaromatic hydrocarbons
LEC Lower East Coast PCB polychlorinated biphenyl
NPS National Park Service VOC volatile orcanic carbon
SFWMD South Florida Water Management District ppm parts per million
STA Stormwater Treatment Area ppb parts per billion
SWFWMD Southwest Florida Water Management District pCl/L picocuries per liter
USACE U.S. Army Corps of Engineers pag/L micrograms per liter
USEPA U.S. Environmental Protection Agency mg/L milligrams per liter
USFWS U.S. Fish and Wildlife Service < less than
USGS U.S. Geological Survey > greater than

WCA Water Conservation Area
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Water-Quality Assessment of Southern Florida:
An Overview of Available Information on Surface-
and Ground-Water Quality and Ecology

By Kim H. Haag, Ronald L. Miller, Laura A. Bradner, and David S. McCulloch

Abstract

This report summarizes water-quality condi-
tions, issues of concern, and management efforts
underway in southern Florida. Thereport is
designed to provide aconceptual framework for the
Southern Florida National Water Quality Assess-
ment (NAWQA) study that began in 1994. The
report makes reference to the most important water-
quality literature pertaining to southern Florida, to
water-quality studiesthat are underway or planned,
and to topics which are of high priority in the study
unit. These topicsinclude: the availability and suit-
ability of water for competing demands; nutrient
enrichment of the Everglades; transport, degrada-
tion, and effects of pesticides; and the sources and
cycling of mercury in the ecosystem.

The report also includes a retrospective analy-
sis and conceptual presentation of nutrient |oad-
ing, which isahigh priority for the national
NAWQA Program and for regional water-quality
managers. Nutrient contributions from point and
nonpoint sources are estimated for nine basinsin
the study areaand are discussed in relation to land
use. Fertilizer is the dominant source of phospho-
rusin eight basins and the dominant source of
nitrogen in at least five basins. Atmospheric
sources of nitrogen contribute more than 20 per-
cent of thetotal nitrogen input to all basinsand are
the dominant source of nitrogen input to Lake
Okeechobee and the Everglades.

Nutrient loads are also estimated in selected
canal and river outflows in southern Floridato pro-
vide aspatial overview of the magnitude of nutrient
loading to coastal waters. Annual phosphorusloads
from the Peace River are the highest in the study
unit; annual phosphorus loads from the Cal oosa-
hatchee River and the mgjor Palm Beach canalsare
also high, compared to other parts of southern Flor-
ida. Estimated annual loads of phosphorus from
parts of the Big Cypress Basin and the S-12 water-
control structures of the Tamiami Canal are low
compared with estimated phosphorus loads in out-
flowsin the northern part of the study unit. Annual
nitrogen loads in southern Florida were highest in
outflows from the Cal oosahatchee River Basin and
the major Palm Beach canals. Nitrogen loadsin out-
flows from parts of the Big Cypress subbasin were
lower than those estimated to the north.

INTRODUCTION

The Southern Florida National Water Quality
Assessment (NAWQA) study unit encompasses about
50,500 km?. It is part of aregional ecosystem which
includes coastal waters between Charlotte Harbor on
the Gulf of Mexico and the St. Lucie River on the
Atlantic Ocean and the lands that drain into these
waters (fig. 1). The elevation in the study unit ranges
from about 90 m above sea level to sealevel aong the
coast. The climate is subtropical and humid with mean

temperatures ranging from about 15° C in the winter to
about 27° C in summer (Florida Department of Natural
Resources, 1974; Duever and others, 1994). Average
annual rainfall ranges from 100 to 1,075 cm, and more
than half of the rainfall occurs in the wet season from

June through September (Thomas, 1974).

Introduction 1
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Figure 1. Surface-water basins in southern Florida.
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Southern Floridais underlain by shallow-marine logical Survey (USGS), the U.S. Army Corps of
carbonate sediments that contain three major aquifers Engineers (USACE), the U.S. Fish and Wildlife Ser-
systems—the surficial, intermediate, and Floridan. vice (USFWS), and the U.S. Environmental Protection
Wetlands are a predominant feature of the landscapeAgency (USEPA). Other organizations which actively
and are maintained as a result of abundant rainfall anstudy water quality in southern Florida include several
the absence of surface relief. Wetlands in the northergounty governments, Duke University, the Florida
part of the study unit are drained by several large rivertnstitute of Technology, Florida International Univer-
that include the Kissimmee, Peace, Myakka, and sity, Louisiana State University, the University of
Caloosahatchee Rivers. In the southern part of the  Florida, and the University of Miami. Numerous indi-
study unit, much of the land is inundated during the weviduals have also published information relevant to
season, and water moves by sheetflow toward the  water quality and ecology in southern Florida.
coast. The Everglades is a vast freshwater marsh origi- The study of surface- and ground-water quality and
nally covering about 10,000 Krand extending from  aquatic ecology in the southern Florida ecosystem has
the southern edge of Lake Okeechobee south to Floridalong history. The amount of available data is tremen-
Bay. The Everglades Basin has an almost imperceptibldous and a brief summary of all available water-quality
slope to the south, averaging less than 3 cm/km. Theand ecological data is beyond the scope of this report.
Big Cypress Basin to the west of the Everglades is orf-or example, the SFWMD alone operates 26 major
slightly higher ground. The land surface is relatively water-quality monitoring programs that incorporate
flat with numerous, low limestone outcrops and depres984 sampling stations. Much of the retrospective data
sions. Water in the Big Cypress Basin drains to the available through 1994 was collected by mission-
south and southwest through cypress strands into theoriented agencies to address strictly defined regulatory
coastal mangrove forest. The Florida Keys is a series a¢ésues, answer specific questions in the context of
low limestone islands extending 225 km southwest ofresource utilization, or provide guidance for resource
the mainland. The physiography, climate, geology, andnanagement within a single watershed. Although these
hydrology of the south Florida region are described data have unquestioned utility, they often cannot be
more fully by McPherson and Halley (1996). used to answer questions which involve multiple

. . watersheds or address more complex water-quality
The ecosystem in southern Florida has undergon%suesl Among the most important water-quality
significant alteration over the past century,

) ) IorinCiF)_""|I3'questions being addressed in southern Florida in the
in response to the demands of a growing population. 1990's are:

Activities included extensive drainage and develop-
ment. When the initial alterations began, understanding
and appreciation of the value and function of wetlands
was very limited. Once the effects of drainage and
development became evident and began to affect the
environment, efforts turned towards restoration. Initial
data-gathering efforts focused on studies of water sup-
ply, water use, and flood prevention. During the 1970’s, ) o
an awareness of the importance of water-quality and ~ * Ar€ contaminants from human activities

* What is the availability and suitability of water
for competing demands?

» What key components of the hydrologic system
are needed to support a diverse, self-sustaining
ecosystem?

» How does atmospheric deposition influence
surface-water quality?

habitat protection emerged. Of particular interest are widespread, and do they adversely affect
the effects of pesticides, trace elements, and excess ecosystems?

nutrients on water quality and aquatic ecology. Among ¢ What are the processes that transform and
the most active agencies gathering data in southern transport nutrients?

Florida are the Florida Department of Environmental ~ * What are the origins and pathways for the
Protection (FDEP), the Florida Game and Freshwater ~ cycling of mercury in the ecosystem?

Fish Commission (FGFWFC), the National Biological There are several important, broadly based, environ-
Service (NBS), the National Park Service (NPS), the mental programs now underway in southern Florida that
National Atmospheric and Oceanic Administration  address these and related questions (South Florida Water
(NOAA), the South Florida Water Management Management District, 1995). Everglades water-quality
District (SFWMD), the Southwest Florida Water litigation was filed by the Federal Government in 1988
Management District (SWFWMD), the U.S. Geo- and resolved by a negotiated State-Federal settlement

Introduction 3



agreement in 1991. One goal of the settlement was to
establish long-term limits on phosphorus concentrations
for the Arthur R. Marshall Loxahatchee National Wild-
life Refuge and the Everglades National Park.

In 1993, the South Florida Ecosystem Restoration
Task Forcewasformed to initiate an interagency effort
to reestablish and maintain the ecosystem integrity of
southern Florida. The Task Force is composed of Fed-
eral and State agencies involved in Everglades restora-
tion. In 1994, Florida passed the Everglades Forever
Acttoinitiaterestoration of the Everglades and Florida
Bay. The areaidentified for restoration and protection
by the act is called the Everglades Protection Areaand
is comprised of the Everglades National Park (ENP)
and the Water Conservation Areas (WCASs): WCA-1
(the Arthur R. Marshall L oxahatchee National Wildlife
Refuge), WCA-2, and WCA-3 (fig. 2). The Everglades
Protection Area encompasses a total of about
810,000 ha. Two major components of the act are:

A recent consensus has emerged that agencies and
individuals must go beyond a mere assessment and
understanding of the southern Florida environment and
begin to protect the remaining natural system and
restore some watersheds to predevelopment water-
quality conditions and patterns of hydrologic function.
The USGS is committed to providing scientific infor-
mation that will contribute to the protection and resto-
ration effort in southern Florida (McPherson and
Halley, 1996).

Purpose and Scope

This report was written as part of the retrospective
analysis of existing data and information for the South-
ern Florida NAWQA. Surface-water quality, ground-
water quality, and aquatic ecology are closely related in
southern Florida and are difficult to discuss separately.
Nevertheless, they are covered in separate sections of
this report to be consistent with other reports of the

» The Everglades Construction Project, which will national NAWQA Program. The report briefly:

entail construction of more than 16,200 ha of
wetlands called Stormwater Treatment Areas
(STAs) designed to remove nutrients (specifi-

(1) summarizes relevant published water-quality and
ecological information pertaining to southern Florida;
(2) describes selected regional conditions, trends, and

cally phosphorus) and other contaminants from issues of importance to surface- and ground-water

agricultural stormwater runoff from the
Everglades Agricultural Area (EAA); and

* Implementation of on-farm Best Management
Practices for reduction of nutrient loads from the
EAA, which produces about 45 percent of the

phosphorus load to the Everglades.

quality and ecology; (3) suggests possible relations of
water quality and ecology to natural and human factors;
(4) indicates what types of water-quality and ecological
data are lacking; and (5) presents a conceptual descrip-
tion of nutrient loading in surface waters of southern
Florida. The report will be used to help develop a study
plan for the Southern Florida NAWQA and to provide

The Everglades Water Quality Model is being devel- information to the NAWQA National Synthesis Team

oped and tested by the SFWMD in support of the act for incorporation into the nationwide synthesis of
and to evaluate the efficacy of the Everglades Nutrienfvater-quality information.

Removal Project (South Florida Water Management

District, 1995).

In 1993, the USEPA initiated a program of researchSURFACE-WATER QUALITY IN

monitoring, and regulatory efforts to determine the

SOUTHERN FLORIDA

sources, extent, transport, transformation, and pathways
of mercury in southern Florida ecosystems. This initia-
tive is a part of the USEPA Regional Environmental  watersheds of southern Florida. A short description of
Monitoring and Assessment Program (U.S. Environ- historical conditions and a summary of the major alter-
mental Protection Agency, 1993). Since 1995, the USG&tions which have occurred as a result of human activi-
has provided multidisciplinary hydrologic, cartographic, ties in south Florida are presented. A brief overview of
and geologic data that relate to the mainland of southeravailable surface-water-quality data and a brief discus-
Florida, Florida Bay, and the Florida Keys and Reef ecasion of important water-quality issues is presented in this
systems, as a part of the USGS South Florida Ecosysteraport to provide a framework for the study design of the
Program (U.S. Geological Survey, 1995). NAWQA Program in the Southern Florida study unit.

Many factors influence surface-water quality in the

4 Water-Quality Assessment of Southern Florida: An Overview of Available Information
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Overview of Surface-Water Quality and
Hydrology

Historically, southern Floridawas characterized by
large areas of wetlands that were drained by numerous,
small coastal streams and severa largerivers. The
Peace, Myakka, and Cal oosahatchee Riversdrained the
northwestern parts of the study area and emptied into
Charlotte Harbor and the Gulf of Mexico. The Kissim-
mee River meandered through the central part of the
study area and drained into L ake Okeechobee. M ost of
the land south of L ake Okeechobee was wetlands,
including the Everglades and Big Cypress Swamp,
where surface water moved slowly by sheetflow to the
south and southwest into Florida Bay and the Gulf of
Mexico (Davis, 1943). During high-water periods,
surface and ground water also spilled and seeped into
coastal waters of the Atlantic Ocean, including Bis-
cayneBay (Parker, 1974). Seasonal flowsof freshwater
created salinity conditions which supported highly pro-
ductive estuarine and marine fisheries (Lindall, 1973).
Much surface water was lost through evapotranspira-
tion and returned to the system between June and Octo-
ber asrainfall. Water levelsin the Everglades
fluctuated seasonally over several meters during years
with normal rainfall.

Historically, the Everglades was alow-nutrient
system where ecosystem productivity was primarily
limited by phosphorus. The algae and vascular plants
that comprise the marsh ecosystem devel oped under
conditions of low nutrient inputsthat are characteristic
of pristinerainfall (Davis, 1994). Nutrient inputs from
rainfall were so rapidly taken up by the extensive
marsh vegetation that nutrient concentrationsin surface
waters were very low. Nutrient loading to coastal
waters was dispersed over broad areas by sheetflow.

Southern Florida has been greatly altered by
construction of drainage canals, agriculture, and urban
development. Construction of drainage canalsbeganin

Drainage lowered the water table by as much as
2.0 m and resulted in severe fires, land subsidence, and
saltwater intrusion. Subsequently, regional water man-
agement efforts were modified and redesigned to lessen
these severe effects, to provide flood protection for
continued urban and agricultural development, and to
ensure an adequate water supply for urban growth. A
complex system of canals, levees, pumps, and water-
control structures was eventually completed.

In the northern Everglades about 324,000 ha was
converted to agriculture and designated as the Ever-
glades Agricultural Area (EAA) (fig. 1). Principal
crops are sugarcane and winter vegetables. More than
360,000 ha of additional land in the northern Ever-
glades was converted to shallow impoundments (the
WCAS) to provide flood protection during the wet sea-
son and water supply during the dry season (Cooper
and Roy, 1991).

Parts of the southern Everglades and the Big
Cypress still retain some of the predevelopment sur-
face-water characteristics. These areas include the ENP
and the Big Cypress National Preserve (BCNP). In
general, water management has lowered water levels
and reduced the frequency and duration of inundation
in the Everglades.

Surface-water basins are often ill-defined in parts
of southern Florida because of low relief, a lack of dis-
tinct drainage divides, and the interconnection of
canals. However, for the purposes of this report the
Southern Florida study unit is divided into 10 major
surface-water basins that differ in their surface-water
and land-use characteristics (fig. 1). They are: the
Myakka River and Peace River Basin; the Caloosa-
hatchee River Basin; the Big Cypress Basin; the St.
Lucie River Basin; the Kissimmee River Basin; Lake
Okeechobee; the Everglades; the Everglades Agricul-
tural Area; the East Coast Urban Area; and the Florida
Keys. The Florida Keys do not have significant fresh-
water features and, therefore, are not discussed further

the 1800’s and continued into the 1960’s. The St. Lucién this section of the report.

and the Caloosahatchee Rivers were connected to Lake The Myakka River and Peace River Basins in the
Okeechobee; both rivers were enlarged and channel-northwestern part of the study unit are drained by small
ized to carry water to the coast. The Kissimmee Riverivers that have not been channelized. Water quality in
was straightened and channelized to eliminate seasontle Myakka River is generally good, and parts of the
flooding on the river’s flood plain. Several large canalsriver have been designated as an Outstanding Florida
including the West Palm Beach, Hillsboro, North New Water (Livingston, 1991). Natural ground-water inputs
River, and Miami Canals were dug to carry water fromare negligible in the Myakka River Basin, and river
Lake Okeechobee to the Atlantic Ocean. A levee wadlow in the dry season is often comprised solely of
built around the south rim of Lake Okeechobee to prehighly mineralized ground water originating as runoff
vent spillage of water to the northern Everglades. from irrigated farmland (Livingston, 1991). Rainwater

6 Water-Quality Assessment of Southern Florida: An Overview of Available Information



runoff istypically acidic and low in total mineral con-
tent in this part of Florida. Rangeland and agricultural
land use are significant sources of nutrients. Thereis
little urban influence within the watershed. Phosphate
mining occurs in the headwaters and both sulfate and
phosphorus concentrations are reported to have
increased from 1963-85 in surface waters (Hammett,
1990). Water quality in the Peace River is extensively
influenced by land use and other human activities. The
Peace River hasits headwatersin areas with rich phos-
phate deposits, and the discharge of wastewater by the
phosphate mining and fertilizer industriesis the most
significant influence on water quality in the basin
(Lewelling and Wylie, 1993). The annua discharge of
the Peace River at Arcadia has shown a significant
long-term decline during 1931-85, which is not attrib-
utable solely to deficient rainfall (Hammett, 1990) but
may be associated with increased pumpage of ground
water. The surface-water data indicate that there were
long-term increasing trends during 1957-85 for total
organic nitrogen, chloride, sulfate, and dissol ved-solids
concentrations, and decreasing trends for total phos-
phorus and orthophosphorus concentrations (Hammett,
1990).

The Caloosahatchee River has been highly modi-
fied by channelization and the construction of locks
and water-control structures (Livingston and Fernald,
1991), which now control the flow and stage of the
river. Water quality in the Caloosahatchee River and its
tributariesisinfluenced primarily by low relief, dis-
chargefrom Lake Okeechobee, and land use (Drew and
Schomer, 1984). During 1978-80, inflow from Lake
Okeechobee contributed 55 percent of thetotal flow in
the Caloosahatchee River, 62 percent of the total nitro-
gen, and 64 percent of the chloride (Miller and others,
1982). The principal types of land usein the eastern
part of the basin are cattle, citrus, and vegetable pro-
duction. Land uses in the western part of the basin are
agriculture and urban. Increases in agricultural and
urban land uses in the Caloosahatchee River Basin are
causing significant changes in water quality.

The Big Cypress Basin consists of numerous
sloughs and cypress-dominated strands where water
flows southwest and dischargesto the Gulf of Mexico.
Agricultureis prevalent in the northern part of the
basin; Native American lands also are present in the
northern part of the basin. In the southern part of the
basin, most of the land is undeveloped and publicly

rained parts of the Big Cypress Basin, but the studies
indicated that in other parts of the basin human activi-
ties had degraded surface-water quality (McPherson,
1974; Duever, 1984). Nitrogen concentrations were
low (0.03-0.10 mg/L) in this basin compared to con-
centrations in the urban canals of southern Florida
(Klein and others, 1970). There is generally a lack of
recent water-quality data in the Big Cypress Basin,
although the BCNP began a water-sampling program
in the 1980’s. Collier County Environmental Services
Division (1994) identified some trace elements
(chromium, silver, lead, and zinc) in bed-sediment
samples at concentrations which are indicative of
human influences.

Principal surface-water features in the St. Lucie
Basin include wetlands, the St. Lucie Canal, the St.
Lucie River, and several smaller streams and canals.
Agriculture and wetlands are the two principal types of
land cover in the basin; agricultural activities are
mainly improved pasture and citrus production. Water
quality in the St. Lucie Canal was reported to be similar
to water quality in Lake Okeechobee (Parker and oth-
ers, 1955), which the canal periodically drains. Storm-
water inflow influences dissolved-oxygen, suspended-
sediment, and nutrient concentrations in canals
throughout the basin (Graves and Strom, 1992). Large,
sporadic freshwater discharges from canals have had a
detrimental effect on biota in the St. Lucie Estuary
(Haunert and Startzman, 1985; Haunert, 1988; Steward
and others, 1993).

Surface-water chemistry varies spatially and tem-
porally in the Kissimmee River, Lake Okeechobee, and
Everglades Basins. The pH is neutral to slightly basic,
and dominant ions are calcium and bicarbonate. Much
of the surface water is highly buffered due to contact
with periphytic marl, limestone, calcareous sand, or
fossilized deposits. WCA-1 and some deep peat ponds
are more acidic than surface waters in contact with
limestone deposits. Dissolved-solids concentrations
and conductivity are often high, and dissolved-oxygen
concentrations are typically low. Nutrient retention is
high in the marshes of the Everglades, as a result of
tight cycling between the plant community and the sed-
iments (Steward and Ornes, 1975). Phosphorus con-
centrations are low and this element is considered to be
the limiting nutrient for plant growth. Total phosphorus
concentrations ranged from 0.03 to 0.25 mg/L during
1973-78 in streams of the Kissimmee River Basin

owned. Water-quality studies in the 1970’s indicated (Federico, 1982) and were generally less than con-
that surface water was uncontaminated in remote unaentrations measured in rainfall. Canal waters in
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agricultural areas of the EAA contain high nutrient regional water supply. The quality of surface water has
concentrations. For exampl e, average concentrations of been and continues to be profoundly influenced by
total phosphorus at 144 sitesin the EAA during 1990- altered patterns of water flow, atmospheric deposition,
92 ranged from 0.10 to 1.32 mg/L. Water quality in runoff from agriculture and livestock operations, phos-
some northern parts of the WCA's are affected by cangbhate mining, urban runoff, municipal wastewater
waters that drain the EAA and other farm lands. Totaldischarge, and other human activities.

nitrogen and phosphorus concentrations in parts of

WCA-2 and WCA-3 that r'eceive.canal inflows frpm Altered Patterns of Water Elow

the EAA are among the highest in southern Florida

(Germain, 1994). Interior marshlands of WCA-1 are Widespread canal construction and drainage
unaffected by h|gh nutrient concentrations, a|though manipulation thl’OUghOUt southern Florida have inexo-
peripheral wetlands are affected by canal inflows. ~ rably changed the spatial and temporal patterns of
Nutrient concentrations in the southern Everglades, water flow. These hydrologic alterations can have com-
including the ENP, are naturally low (Waller, 1975; plex, and sometimes subtle but pervasive, effects on
Waller and Earle, 1975). At nine sites in the interior ofwater quality.

the ENP, mean total phosphorus concentrations ranged The Kissimmee River was channelized for flood
from 0.01 to 0.06 mg/L during 1986-93 and mean totakontrol between 1962 and 1971, resulting in increased
nitrogen concentrations ranged from less than 0.01 tadepth, altered patterns of flow, and increased sedimen-

2.5 mg/L (Germain, 1994). tation. The elimination of flood plains resulted in a
The East Coast Urban area includes slightly highefower basin retention time for many constituents and a
land along the Atlantic Coastal Ridge from Loxa- subsequently higher nutrient input to Lake Okeechobee

hatchee River to the Florida Keys. The East Coast (Loftin and others, 1990a,b). Restoration of the Kiss-
Urban area is home to almost 5 million people and immee River to ameliorate the environmental effects of
includes high-density residential, commercial and  channelization is underway as a joint project of the
industrial land uses. Water-quality characteristics andUSACE, the SFWMD, the FGFWFC, and the USFWS
nutrient loadings in the basin have been studied in th¢Carroll and Banner, 1991; U.S. Army Corps of Engi-
past (Lutz, 1977a; Dickson, 1980), and the Biscayne neers, 1991; South Florida Water Management District,
Bay SWIM Plan (South Florida Water Management 1991, 1993). A demonstration project involving 19.5
District, 1994a) summarizes results of studies carriedkm of river was initiated in the mid-1980’s and the
out in the southern part of the basin since 1984. Con-resulting data will be used to guide full-scale restora-
tamination of Biscayne Bay comes principally from thetion efforts. Thus far, the capacity of the wetlands to fil-
Miami Canal and other canals. Water quality in these ter sediment and nutrients has been reestablished in the
urban canals is adversely affected by agricultural andnewly created flood plain adjacent to the demonstration
urban runoff, and sewage effluent (Florida Departmenproject, and data indicate that dissolved-oxygen con-
of Environmental Regulation, 1988). Dissolved- centrations in the river may be increasing (Toth, 1993).
oxygen concentrations are frequently less than 4.0 The Caloosahatchee and St. Lucie Canals divert
mg/L in the canals and streams in the basin. Nonpoinyater out of Lake Okeechobee to maintain lake level
source pollution from lawn and landscape fertilizer andschedules and prevent floods. This diversion limits the
pesticides, automobile emissions, seepage from landzmount and timing of water delivered to the southern
fills, septic tanks, and disposal wells, and constructiorEverg|adeS. Levees around the southern edge of the
runoff is significant in the basin. lake further guard against overflow from the lake to the
south. Another series of levees and canals in Palm
Beach and Dade Counties prevent sheetflow from the
Everglades from flowing to the east coast urban area. In
Surface water in southern Florida comprises a  the Everglades, water-quality changes can be directly
complex, intensively regulated system of wetlands, related to the movement of water by canals through the
lakes, canals, and rivers. Watersheds are not well- WCA's (Kushlan, 1991; Walker, 1991). The SFWMD
defined, and discharge in some streams and canals meggulates the amount of water discharged through
cease or be reversed at certain times of the year whestructures throughout the area. In years of high annual
back-pumping is used to manage local water levels andhinfall, this delivery pattern is problematic for the

Issues of Regional Importance to Surface-
Water Quality
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ENP, and naturally high water levelsin the Park are tem only if the water quality is good and concentrations
even higher (South Florida Water Management Dis- of nutrients, pesticides, and other contaminants are low.
trict, 1995). Moreover, drawdown and reflooding of Projects are underway to evaluate appropriate water-
marshlands in the WCA's may increase the release ofquality standards for waters entering the Everglades
inorganic phosphorus (Gleason, 1974; Swift and and to implement treatment of stormwater runoff from
Nicholas, 1987; Worth, 1988). the EAA in Stormwater Treatment Areas so that sur-
The construction of canals in southern Florida hadace-water inflows will cause no imbalance in Ever-
resulted in a much greater transport of nutrients, sus-glades flora and fauna (South Florida Water
pended sediment, trace elements, and other contamiManagement District, 1995).
nants in water than occurred when most water moved
overland to the coasts by sheetflow (Carter and other®elation of Atmospheric Deposition to Surface-
1973). Canals in the northern Everglades were con- Water Quality
structed to drain water and to create agricultural land  The atmosphere is recognized as a principal path-
(the EAA). Intensive agriculture in this area contributesway by which nutrients, pesticides, and other organic
significant amounts of nutrients to surface waters in and inorganic compounds are transported and depos-
southern Florida. Soil subsidence (due to physical, ited in areas frequently far removed from their sources
chemical, and microbiological processes) is a direct (Majewski and Capel, 1995). The chemical composi-
result of drainage and exposure of Everglades soil to tion of rainfall is influenced by natural factors such as
air, and is a severe threat to agriculture in the EAA (Scfires, oceanic sources of sea salts, and the frequency of
ence Sub-Group, 1994). thundershowers which produce oxides of nitrogen; and
Demand for water in the East Coast Urban area i9y human activities such as agriculture, application of
out of phase with the natural seasonal hydrologic cycldawn-care chemicals, burning of fossil fuels in power-
necessitating the artificial movement of water. Balancplants and vehicles, and waste processing.
ing water needs for the ENP with needs for the urban  Atmospheric deposition is a significant source of
population (about 5 million) of the East Coast Urban many contaminants detected in surface water in south-
area (Miami, West Palm Beach, Boca Raton, Ft. Lau-ern Florida, including nutrients, pesticides, PCB’s, and
derdale) is critical to the region. Although rainfall pro-mercury. Bulk precipitation (dry-fall and rainfall) is a
vides most of the recharge to ground water, which in major source of nutrients in southern Florida surface
turn provides most of the drinking-water supply, waterwaters (Waller, 1975). However, accurate measure-
carried into the area by canals supplements this ments of atmospheric concentrations of nutrients are
recharge during the dry season. The South Dade Corsubject to a number of complicating factors. Conse-
veyance System provides a mandated supply of wateguently, estimates of atmospheric deposition of nutri-
to the ENP and also supplies water to other southernents may vary significantly with location, date, and
Dade County canals to prevent saltwater intrusion  method of collection (Irwin and Kirkland, 1980; Allen
(Cooper and Lane, 1987). The Lower East Coast  and Sutton, 1990; Baker, 1991; South Florida Water
Regional Water Supply Plan, when fully implemented,Management District, 1992b; Peters and Reese, 1994).
will aid in achieving the critical balance (South Florida The SFWMD (1992b) has a network of 273 rainfall-
Water Management District, 1995). quantity stations, 4 long-term (10-14 years) rainfall-
When ecosystem restoration is implemented in  quality stations, and several other short-term rainfall-
southern Florida, patterns of water flow in many areagjuality stations. During 1974-86, most samples col-
will again be changed—this time back toward histori- lected were bulk precipitation; after May 1986, sepa-
cal patterns (South Florida Water Management Dis- rate samples of wet and dry atmospheric precipitation
trict, 1995). More water will be moved through were collected (South Florida Water Management
historical flow paths, such as Shark River and Taylor District, 1992b). The mean concentration of phospho-
Sloughs. Water quality, however, could be poor (con-rus during 1979-89 ranged from 0.03 to 0.11 mg/L;
tain high concentrations of nutrients, pesticides, and concentrations were highest at sites that were affected
sediment) if water is diverted directly from agricultural by airborne particles from soil, agricultural activities,
or urban lands where fertilizers and pesticides are  and fires (South Florida Water Management District,
intensively applied. Redirection of water to the Ever- 1992b). During 1990-92, concentrations of nitrogen
glades Protection Area will be beneficial to the ecosysand phosphorus were determined in wet and dry atmo-
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Table 1. Average nutrient concentrations in precipitation at selected

sites in Florida, 1990-92

[South Florida Water Management District sites sampled during 1990-92.
(See Germain, 1994); mg/L, milligrams per liter]

Total nitrogen

Total phosphorus

Site Average Range, Average Range,
(mglL) (mglL) (mg/L) (mglL)

Kissimmee River at S65A 1.01 <0.50- 5.43 0.065 <0.004 - 0.792
L ake Okeechobee Field 111 0.52-11.70 0.026 <0.004 - 0.452
Station
L ake Okeechobee, southeast 0.98 0.56 - 4.59 0.058 <0.004 - 0.424
shore
Pump Station S-7 1.07 0.54 - 2.60 0.042 <0.004 - 0.379
Everglades Nutrient Removal 0.77 0.54-2.04 0.012 <0.004 - 0.112
Project
Water Conservation- Area 3A 1.45 <0.50-7.18 0.098 <0.004 - 1.135
near Pump Station S-140
Everglades National Park 121 0.51-21.40 0.014 <0.004 - 0.203

Research Center

spheric precipitation collected at seven sites in south-
ern Florida (table 1) following NADP protocols
(Stansland and others, 1983; Peden, 1986; Bigelow and
Dossett, 1989), except that samples were collected
every 2 weeks. After March 1992, samples were col-
lected weekly to satisfy NADP protocols. Average
phosphorus concentrations ranged from 0.012 to 0.098
mg/L, and average nitrogen concentrations ranged
from 0.77 to .45 mg/L.

Estimates of atmospheric deposition rates (load-
ing) of nitrogen and phosphorus are available for the
southern Florida study area and other parts of Florida
(table 2). Total phosphorus loading from precipitation
in WCA-1, WCA-2, and WCA-3 was estimated to be
54, 56, and 56 (kg /km?)/yr, respectively (South Florida
Water Management District, 1992a). The SFWMD
(19924) estimated that rainfall contributed 40 percent
of the total phosphorus input to the WCAs during
1979-88. Efforts continue to refine estimates of the rel-
ative contribution to nutrient loading from atmospheric
deposition, aswell as from the other nonpoint sources.

Several national studies of atmospheric sources of
pesticides include data from sitesin southern Florida.
At least 10 organochlorine insecticides and at least 5
organophosphorus insecticides have been detected in
air, rain, or fog at samplesitesin Florida(Majewski and
Capel, 1995). Dieldrin, alphaand gammaHCH, diazi-
non, and malathion are all used on cropland in southern
Foridaand wereall detected in air samples collected at
sitesin southern Florida (Majewski and Capel, 1995).
Aldrin was detected in air samples collected in Florida
City (Tabor, 1965). Several pesticides, including chlo-

rdane, oxychlordane, parathion, and methylparathion,
were detected in air samples collected in Miami in
1975 (Kutz and others, 1976). The relatively wide dis-
tribution of PCBsin Floridais most likely aresult of
volatilization and transport by aerosolsand fallout with
dust or rain (Pfeuffer, 1991).

Vast amounts of mercury continually enter the
atmosphere from natural sources, vaporized from the
Earth’s crust and mobilized from marine sediments.
Burning coal and other industrial activities add to the
global atmospheric mercury burden. Most mercury
entering the aquatic habitat from the atmosphere is pri-
marily in the inorganic form, which is only moderately
toxic and has a short retention time. Under acidic con-
ditions, anaerobic bacteria in many aquatic systems can
convert inorganic mercury to highly toxic methyl mer-
cury. Mercury in southern Florida is principally of
interest because of its effects on the biota; conse-
qguently, mercury is discussed in greater detail in the
section of this report on issues of regional importance
to aquatic ecology.

Nutrient Enrichment

Human activities are the principal source of nutri-
ent inputs to surface water in southern Florida. Appli-
cation of fertilizers and other agricultural activities in
many parts of the study unit have significantly
increased nutrient input to surface waters above histor-
ical levels. For example, high nutrient concentrations
in the Kissimmee River primarily are attributable to
runoff from improved pasture and dairy operations.
Nutrient concentrations in the Taylor Creek, Nubbin
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Table 2. Estimated annual atmospheric loading of nitrogen and phosphorus at selected sites in Florida
[SFWMD, South Florida Water Management District; SWIM, Surface Water Improvement and Management; --, not available]

Description of data

Atmospheric loading,
in kilograms per square kilometer per year

Source of data

Nitrogen,

Total Total . Nitrogen,
hosphorus nitrogen ammonia nitrate
P plus nitrate
Bulk precipitation; statewide'; collected during 1970’s Irwin and Kirkland (1980) 130 1,400
Bulk precipitation; south Florida SFWMD SWIM Program (1992b) 65
Bulk precipitation; three Water Conservation Afeas SFWMD SWIM Program (1992b) 5
Bulk precipitation; uncontaminated areas of south SFWMD SWIM Program (1992b) 9
Florida
Wet + dry precipitation; Cary Forest northeast of  Allen and Sutton (1990) 5 660
Gainesville; 1988-89
Wetfall only; five Florida sites; 1993; volume- National Atmospheric Deposition -- -- 330
weighted Program (1994)
Wetfall only; four Tampa sites; 8-10 events during Lopez and Giovanelli (1984) 250 1,300
1975-80
Wetfall only; not volume-weighted;average of severGermain (1994) 9 1,400 -- 330
sites in south Florida
Wetfall only; quantity estimated from rain gage at Computed from SFWMD data 0 1,800 -- --
Okeechobee Field Station; 04/92-04/93
Wetfall only; quantity estimated from rain gage at Computed from SFWMD data 2 1,400 -- --
Structure S-65A; 04/92-04/94
Wetfall only; quantity estimated from rain gage at Computed from SFWMD data 8 1,300 - -

Structure S-7; 05/92-05/94

!Based on 130 centimeters average annual precipitation.
2Based on 118 centimeters average annual precipitation.

Slough, Lower Kissimmee River, and Arbuckle Creek
subbasins (fig. 2) are influenced by feedlot and cattle
operations (Germain, 1994). Nutrient concentrationsin
the St. Lucie River Basin during 1976-77 were highest
during periods of highest discharge and were influ-
enced by agricultural runoff (Federico, 1983). The
range of average nitrogen concentrations was 1.38 to
1.58 mg/L and the range of average phosphorus con-
centrations was 0.11 to 0.26 mg/L in surface waters
during 1976-77 (Federico, 1983).

Urban land use is the most important influence on
surface-water quality in parts of the study unit. Urban
stormwater runoff from Fort Myers and La Belle con-
tributes significant amounts of nutrientsto the Caloosa-
hatchee River (Environmental Science and
Engineering, 1977). Effluent from wastewater treat-
ment plantsin Lakeland, Winter Haven, and Bartow
contributes nitrogen to the streams of the Peace River
Basin (Fraser, 1991; Irwin and Swihart, 1993). Total
nitrogen concentrationsin the Peace River, which often
exceed 1.0 mg/L (German and Schiffer, 1988), are also
influenced by agricultural runoff and the discharge of
citrus processing operations. In at least one part of the
study unit, natural sources of nutrients are important.
The Peace River isnaturally enriched with phosphorus,
because the river flows through phosphate deposits.

However, mining activities in the basin accelerate the

rate at which phosphorus enters surface waters.

The Peace River hasthe second highest phosphate con-
centration of all of Florida’s rivers. During 1974-82,
total phosphorus concentrations commonly exceeded
0.1 mg/L (German and Schiffer, 1988).

Lake Okeechobee is naturally eutrophic, but due to
human influence, the lake has become hypereutrophic.
The lake acts as a sink for nutrients, which are retained
in the organic bottom sediment. The concentration of
total phosphorus almost doubled, from4@L in 1973
to 98pug/L in 1984 (Aumen, 1995). More than 50 per-
cent of the phosphorus and 30 percent of the nitrogen
inputs to the lake are from the Kissimmee River and
from Taylor Creek/Nubbin Slough (Federico and oth-
ers, 1981; Jones, 1987; Janus and others, 1990). Also,
nutrient-laden waters discharged from the EAA were
formerly channeled to Lake Okeechobee (Dickson and
others, 1978). In recent years, however, efforts have
been made to keep these nutrient-laden waters out of
Lake Okeechobee. As a result, back pumping of water
from the EAA to the lake has decreased, but more of
this nutrient-enriched water has entered the WCAs
(Lutz, 1977b). Total nitrogen concentrations at sites in
the northern Everglades influenced by the EAA are
now among the highest in southern Florida. Mean total
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nitrogen concentrationsranged from 1.10 to 5.60 mg/L
in the WCA s during the period of record, and mean
total phosphorus concentrations ranged from 0.01 to
0.91 pg/L (Germain, 1994). Estimates of phosphorus
concentrations flowing into and out of the WCAs indi-
cates that the WCAs are efficient at assimilating the
phosphorus loads (South Florida Water Management
District, 19924). Phosphorus concentrationsin water in
WCA marshlandsgenerally follow agradient of highto
low from the input point to interior marsh locations
(Whalen and others, 1992; Reddy and others, 1993;
Urban and others, 1993; Davis, 1994). This patternis
most conspicuousin WCA-2, where water from canals
flowsinto theinterior marshes. InWCA-1, land surface
elevation is greater in the marsh interior than along the
perimeter; therefore, water tends to flow along the
periphery of the marsh instead of through it.

A significant component of ongoing southern Flor-
ida ecosystem restoration efforts is the reduction of
phosphorus loading to WCA-1 and the ENP (South
Florida Water Management District, 1995). The
SFWMD and the FDEP are conducting research to
define acceptable nutrient concentrations for the pro-
tection and restoration of the Everglades, with the
emphasis on phosphorus concentrations. This research
beganin WCA-2in 1994 and has several components.
Dataare being collected along anutrient gradient in the
marsh where sawgrass has been replaced by cattails.

Data are also being collected from a series of “dosin
chambers” placed in the marsh which are treated wi
known amounts of phosphorus and then monitored for

t

source of nitrogen input to the lake, after atmospheric
deposition. Atmospheric sources of nitrogen contribute
more than about 20 percent of the total nitrogen input
to all basins and are the dominant source of input to
Lake Okeechobee and the Everglades.

The total nutrient input from all sources was esti-
mated for the nine southern Florida surface-water
basins (table 3). Total phosphorus inputs ranged from
100 (kg/ knm})/yrin Lake Okeechobee to 4,800 (kg/
km?)/yr in the EAA. Total nitrogen inputs ranged from
2,900 (kg/ km)/yrin the Everglades to 9,200 (kg/ Rih
yrin the EAA.

Estimates of nutrient loads in selected canal and
river outflows in southern Florida were calculated for
this report from data collected by the SFWMD and the
USGS (figs. 5-6). Annual phosphorus loads from the
Peace River (fig. 5) are the highest in the study unit;
annual phosphorus loads from the Caloosahatchee
River and the major Palm Beach canals are also high,
compared to loads in other parts of southern Florida.
Estimated annual loads of phosphorus from the S-12
water-control structures and parts of the Big Cypress
Basin (Tamiami Trail; 40-Mile Bend to Monroe) are
low compared with estimated loads in the northern part
of the study unit (fig. 5). Annual nitrogen loads (fig. 6)
were highest in outflows from the Caloosahatchee
River Basin and the major Palm Beach canals. Nitro-

I?Een loads in outflows from parts of the Big Cypress
ubbasin (Tamiami Trail; 40-Mile Bend to Monroe)
were lower than estimated loads to the north.

changes in vegetation. In addition, State and Federal

agencies are jointly sponsoring dosing threshold

research being conducted by Florida International Unipesticides and Other Organic Compounds in

versity.

Development of a nutrient budget for southern
Florida is a goal of the SFWMD, as well as other agen-

Water and Sediment

Pesticides are widely used in southern Florida for

cies involved in ecosystem restoration in the region. adriculture; for maintenance of highway right-of-ways,
Estimates of nutrient inputs and outflows is an initial domestic lawns, and golf courses; and for control of

step in this complex process (Puckett, 1994). In this aguatic weeds and mosquitoes. Application to agricul-
report, the relative contributions of various point and tural crops constitutes the major use of pesticides in
nonpoint sources of phosphorus (fig. 3) and nitrogen Southern Florida, where citrus, sugar cane, and vegeta-
(fig. 4) were estimated in nine surface-water basins irPles are the principal crops. Petroleum distillates and
the Southern Florida study unit (see Appendix for dateethion are the principal insecticides (on a weight basis)
sources and computation methods). Fertilizer and  used on citrus crops. Methomyl is the main insecticide
manure from agriculture account for much of the nutriused on vegetables (corn, peppers, and tomatoes), and
ent inputs. Fertilizer is the dominant source of phos- ethoprop and phorate are the main insecticides used on
phorus in eight basins and of nitrogen in at least five sugarcane. Chlorpyrifos is another widely applied
basins. Canal inflow is the largest source of phosphorusisecticide, with approximately equal amounts used on
input to Lake Okeechobee and the second largest  vegetables, citrus, domestic lawns, and golf courses.
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Figure 3. Estimated phosphorus loading from point and nonpoint sources in surface-water basins in southern
Florida (see appendix for information on data sources and computational methods).
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Figure 4. Estimated nitrogen loading from point and nonpoint sources in surface-water basins in southern
Florida (see appendix for information on data sources and computational methods).
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Table 3. Estimates of nitrogen and phosphorus inputs to drainage basins in the Southern Florida

NAWQA study unit
Total Total Nitrogen Phosphorus
nitrogen phosphorus Basin input input,
Basin input input area (kilograms (kilograms
(kilograms (kilograms (hectares)  per hectare per hectare
per year) per year) per year) per year)
Big Cypress 26,800,000 5,830,000 649,000 41 9
Caloosahatchee River 18,200,000 3,770,000 349,000 52 11
East Coast Urban Area 23,200,000 6,480,000 412,000 56 16
Everglades 27,300,000 3,510,000 935,000 29 4
Everglades Agricultural Area 24,700,000 12,900,000 270,000 91 48
Kissimmee River 68,100,000 12,400,000 1,060,000 64 12
L ake Okeechobee 6,000,000 241,000 181,000 33 1
St. Lucie River 26,900,000 5,340,000 351,000 77 15
Myakka River and Peace River 56,700,000 11,400,000 840,000 67 14

e, the major herbicide used in southern Florida, low concentrations in water samples and at high con-
isapplied primarily on sugarcane, but also on vegeta- centrations in bed sediment (Klein and others, 1970).

bles. Bromacil, diuron, glyphosate, and simazineareall DDT and its degradation products were the most com-
used on citrus crops, and monosodium methanearson- monly detected compounds in bed sediment during
ate (MSMA) is the main herbicide used on golf 1969-70; the mean reported concentration of DDT in
courses. Agricultural application also leadsintheuse  the BCNP was 5.fig/kg. Soil samples collected in the
of fungicides. Sulfur and copper hydroxides are the eastern part of the ENP indicated that concentrations
most frequently applied fungicideson citruscrops,and  of PCBs and DDT were very low within the ENP,
EBDCs (ethylenebisdithiocarbamates) and chloro- although concentrations in soil samples from agricul-
thalonil are used mostly frequently on vegetables tural fields within 2 km of the ENP boundary were two

(primarily tomatoes). Fenamiphosisthemajor nemato-  orders of magnitude higher (Requejo and others, 1979).
cide used, and it is applied primarily on golf courses.

Methyl bromide and chloropicrin are the major soil The SFWMD initiated a district-wide pesticide
fumigants used, and they are used exclusively on monitoring program in 1984. During 1984-90, atrazine
tomatoes and peppers (R.J. Miles and C.J. Pfeuffer, was the only pesticide consistently detected in surface-
SFWMD, written commun., 1994). water samples; most of the detections were between 0.1

and 1.0ug/L. The greatest frequency of atrazine detec-
has been along-standing water-quality concern in tions was along the south shore of Lake Okeechobee,

southern Florida. In the late 1960's and early 1970's, 2d in canals draining the EAA, indicating that atrazine
pesticides were detected in water, bed sediment, and!S€ May be significant in areas adjacent to these sites
fish in the Everglades (Kolipinski and Higer, 1969;  (Pfeuffer, 1991). Atrazine concentrations in basins
Kolipinski and others, 1971; McPherson, 1973). Otheithin the EAA are frequently above the State criteria
studies reported relatively high concentrations of chio(South Florida Water Management District, 1995).Res-
rinated hydrocarbons in southern Lake Okeechobee, idués of DDD and DDE were detected in bed-sediment
Hillsboro Canal, and Miami Canal (Pfeuffer, 1985). samples collected at these sites, as well as in canals
In the early 1970’s, PCBs were determined to be adjacent to agricultural land to the east of the ENP.
widely distributed in the southern Florida environmentDetectable concentrations of ethion and DDT were
(Klein and others, 1970). Early studies of pesticides irconsistently measured in areas adjacent to citrus
southwestern Florida indicated few detections in water@griculture. An ongoing SFWMD pesticide monitoring
but more frequent detections in bed sediment program continues to detect herbicides, including atra-
(McPherson 1969; U.S. Environmental Protection  zine, ametryn, bromacil, and simazine, and the insecti-
Agency, 1972; Carter and others, 1973). For examplegide endosulfan (South Florida Water Management

in the Big Cypress Basin pesticides were detected in District, 1995).

The occurrence, distribution, and fate of pesticides
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Figure 5. Estimated total phosphorus loads for selected canal and river outflows from

surface-water basins in southern Florida.

In the Barron River Canal, d-BHC (benzene
hexachloride) (99 ug/kg) and aldrin (1.3 pg/kg) were
detected in bed sediment samples during 1989-91
(Collier County Environmental Services Division,
1994). Stream-bed sediment has been sampled
repeatedly since 1990 in Collier County; eight orga-
nochlorine pesticides have been detected at 15 of 26
sites sampled. Concentrations of chlordane in the
Coconut Pam River, d-BHC in the Barron River
Canal, and endosulfan sulfate in the Haldeman Canal
were the highest concentrations of these pesticidesin

bed sediment reported to date in Florida (Collier
County Environmental Services Division, 1994).

In the Caloosahatchee River, several agricultural
pesticides (aldrin, dieldrin, DDT, and chlordane) have
been detected at concentrations exceeding the Florida
Water Quality Standards (Drew and Schomer, 1984).
Urban stormwater runoff from Ft. Myers and LaBelle
al so contributes pesticidesto the Cal oosahatchee River,
which isaprimary or secondary source of drinking
water for basin residents (Environmental Science and
Engineering, Inc., 1977).
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Figure 6. Estimated total nitrogen loads for selected canal and river outflows from

surface-water basins in southern Florida.

Inthe East Coast Urban Basin, pesticides associated
with citrus farming have been detected in the Ten Mile
Creek subbasin. Bromacil, metalaxyl, smazine, diazi-
non, ethion, malathion, and endosulfan sulfate are
among the 14 pesticides detected in water samples dur-
ing 1993-95 (Gravesand Strom, 1995a,b). Biscayne Bay
has a significant pesticide input due to agricultural land
use (24 percent of the watershed). An estimated 200,000
kg of 35 common pegticides are used per year in the
basin. Among the pesticides of greatest concern are

atrazine, 2,4-D, endosulfan, and chlorpyrifos (Pait and
others, 1992). Contaminants of greatest concern in the
East Coast Urban area are trace el ements, PCBs, PAHS,
and pesticides. Endosulfan degradation products have
been detected at five water-control structuresin south
Dade County (C.J. Milesand R.J. Pfeuffer, SFWMD,
written commun., 1995), occasionally at concentrations
which exceeded the Florida surface-water-quality stan-
dard for endosulfan (0.056 ug/L) (FloridaDepartment of
Environmental Protection, 1995).
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In the ENP adrin, heptachlor, and toxaphene were the inflow of radium-226 rich ground water. Radium-
detected in surface-water samplescollectedduring1980 226 and radon-222 have been used to identify areas of
(Pfeuffer, 1985). Endosulfan and endosulfan oxideresi-  significant ground-water inflow; radium-226 has been
dueshave been detected in water samplescollected at al used as a natural tracer to estimate the rate of ground-

water control structuresin south Dade County since water inflow into the Charlotte Harbor estuary (Miller
1987 (C.J. Milesand R.J. Pfeuffer, SFWMD, written and others, 1990). Radium-226 radioactivity approxi-
commun., 1995). Maximum concentrations of endosul- mately doubled in the Myakka River below where

fan (0.03—0.29ug/L) occurred in late winter and early Warm Mineral Springs flows into the river (Miller and
spring, and exceeded the FDEP standard for Class Il others, 1990). Disposal of the highly concentrated
waters (0.05¢ug/L) (Florida Department of Environ-  reject water from reverse osmosis plants in coastal
mental Protection, 1995) on more than one sampling areas of southwestern Florida is another potentially
date. Concentrations of DDD and/or DDE in bed sedi- important source of radioactivity in surface water as the
ment in the ENP during August 1984-July 1988 were treatment of saline water for public consumption
lower than those routinely measured during previous becomes more common.

SFWMD monitoring (Pfeuffer, 1991).

Monitoring of pesticides in water and bed sediment
has been carried out for many years in southern FIoriszROUNl:)'WATER QUALITY'IN
but there is little information or understanding of pro- SOUTHERN FLORIDA
cesses of pesticide transport, degradation, uptake, and Ground water is the most important drinking-water
biological effects. Recent studies suggest that there at®source in southern Florida. About 5.5 million people
widespread effects of low-level concentrations of pes—depend on ground water as a primary source of drink-

ticides and other organic compounds on wildlife reprol-ng water, and about 4.7 million of those people use

ﬁl/luctlo_nfand htl_Jma_n healéh d(Cf)oI;aorntﬁn%others:[h19t931Nater from wells less than 60 m deep. Ground water in
ore information 1S neeaed betore the degree thal - o 1hern Florida is vulnerable to contamination

these contaminants are affecting the southern Flor'dabecause of its close proximity to the surface.The focus
ecosysiem can be assessed. of the NAWQA Program’s study of ground-water

quality in southern Florida is on assessing human
Radioactivity influences on shallow ground water.

_ '_Fhe Pe_ace River an_d Mygkka River Basins have o erview of Ground-Water Quality and
s!gnlflcant mpu'ts of radl'onuclld.es from the naturally_ Hydrogeology
high radioactivity associated with phosphate deposits
that occur within the basins and from phosphate mining  The hydrogeologic features of southern Florida’s
and processing. In the upper Peace River Basin, mudprincipal aquifers have been described previously by
of the radioactivity tends to be transported on particle®®arker and others (1955) and many other authors. The
such as clays and other fines that are washed down- principal aquifers in southern Florida are the Biscayne
stream, whereas in the lower part of the basin groundaquifer, the surficial and intermediate aquifer systems,
water introduces significant amounts of soluble and the Floridan aquifer system. Waters in all the aqui-
radium-226 (Miller and others, 1990). Occasionally, fer systems in the study unit are primarily a calcium
dikes that contain waste clays (slimes) from phosphatbicarbonate type, mostly because shell, limestone, or
mines rupture and release large volumes of these fingdplomite is predominant in the aquifers. The waters are
into the Peace River. Miller and Morris (1981) reportedgenerally considered to be hard to very hard.
22 slime-pond spills into the Peace River between 1942 The Biscayne aquifer is a surficial aquifer that
and 1980. These accidental spills have the potential tanderlies all of Dade, Broward, and parts of Palm
release enough ion-exchangeable radium-226 to equBleach and Monroe Counties and consists of a very
the annual load of natural radium-226 transported by permeable interbedded limestone and sandstone.
the river (Miller and McPherson, 1987). Radium-226 The Biscayne aquifer has a water table that is close to
concentrations in estuarine water in Charlotte Harborthe land surface and has a high recharge rate of approx-
are approximately an order of magnitude higher than imately 98 cm/yr. The Biscayne aquifer is aerobic in
for water in many other estuaries in the Nation, due tahe upper 9 m or so, and anaerobic (reducing) in the
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deeper parts. Watersfrom the Biscayne aquifer are used
extensively for public supply. Pumping of theaguifer is
managed carefully to minimize saltwater intrusion.
Concentrations of most water-quality constituentsin
the aquifer do not exceed primary drinking-water stan-
dards (Anderson and Shaw, 1991). Water-quality con-
stituents, which may be of concern where ground water
is the source of drinking water include: sodium, chlo-
ride, and dissolved solidsin areas affected by saltwater
intrusion; hydrocarbons in urban-industrial areas,
nitrate in localized areas of urban or suburban develop-
ment; and organic carbon in areaswhere overlying peat
deposits occur.

The surficial and intermediate aquifer systems,
located to the west and north of the Biscayne aquifer,
consist of interlayered beds of sand, peat, clayey sand,
silt, and shell, with minor limestone beds. The surficia
aguifer system can be further subdivided into: the
medium-to-fine sand and clayey sand of the Lake Wales
Ridge area (fig. 2); and the interbedded layers of sand,
silt, and shell or limestone that are present in the central
part of the study area (fig. 7). The surficia aquifer sys-
tem in the Lake Wales Ridge area has amoderate
recharge rate of approximately 25 to 38 cm/yr, and an
aerobic saturated zone. The surficia aquifer system
within the Lake Wales Ridge areais used primarily for
domestic supply and small-scale agricultural irrigation
supply. The sand, silt, and shell surficial aquifer system
in the central and southern part of the study area gener-
aly hasawater table close to the land surface, alow
recharge rate of 2.5 to 23 cm/yr, and an anaerobic satu-
rated zone.

The Biscayne aquifer and parts of the other surfi-
cial aguifer system are overlain by alayer of peat inthe
Evergladesregion (fig. 7). The peats of the Everglades
are an accumulation of 0.3to 3.3 m of peat, muck, and
marl (Davis, 1943) which generally has alow perme-
ability. The water table in the peats usually islessthan
0.6 m below land surfacein areaswherethe Everglades
is not inundated.

The intermediate aquifer system is similar to the
sand, silt, and shell surficia aquifer system but is
somewhat deeper. Thewatersin the sand, silt, and shell
surficial and intermediate aquifer systems are used
extensively for public supply in al areas south of Lake
Okeechobee and in cities along the western coastlines.
Saltwater intrusion and free-flowing deeper artesian
wells have rendered parts of these aquifer systems non-
potable. Concentrations of VOCsin ground water used
for drinking-water supply are often of concernin urban

areas on the east coast, and high radioactivity has been
measured in ground water in the western part of the
study area where saline water contacts phosphate
depositsrich in natural radioactivity (Miller and
Sutcliffe, 1985).

The Floridan aquifer system underliesthe entire
study unit and occurs near the land surface in the north-
ern part but dropsto 150 m below land surface in the
southern part (McPherson, 1996). It consists of lime-
stone and dolomite bedsthat are generally highly trans-
missive. The Floridan aquifer system generally
contains older water or amix of recent and older water.
Itisused extensively for public supply and agriculture
in the northern part of the study area because good-
quality water isrelatively close to the surface and eas-
ily accessible. Conversely, in the southern part, the
aquifer contains nonpotable water due to high salinity.
Concentrations of most water-quality constituentsin
waters from the Floridan aquifer system generally do
not exceed applicable drinking-water standards,
although high concentrations of nitrate and pesticides
may occur in ground water near current or former citrus
grove operations.

Issues of Regional Importance to Ground-
Water Quality

Ground water in southern Floridais vulnerable to
many sources of contamination (Herr and Shaw, 1989).
I ssues of greatest concern are saltwater or brackish-
water intrusion, nutrient enrichment, pesticides, metals
and trace elements, volatile organic compounds, and
radioactivity. Contaminants indirectly reach the
ground-water systemsin southern Floridafrom landfill
leachates, spills of industrial organic solvents, and
areal application of fertilizers and pesticides; and
directly from leaking fuel storagetanks, septic systems,
and drainage wells (Kimrey and Fayard, 1984; Irwin
and Bonds, 1987; Bradner, 1991). Saltwater or brack-
ish-water from remnant or recent seawater, and radio-
activity from phosphatic deposits reach ground-water
systems asaresult of natural processes, but their occur-
rence may also be affected by human activities.

Saltwater Intrusion

Saltwater intrusion became a significant problem
for urban water supply along the urban southeast coast
in the 1940’s and 1950’s. Increased demand for fresh-
water resulted in increased pumping of the surficial
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aquifer system. At the same time, canals were dredged
todrain land for development. These activitieslowered
water tables and allowed saltwater to move inland
within the aquifer. The most severe problems have
been somewhat alleviated through impoundment and
storage of water inthe WCAswhich islater released to
maintain sufficient water level sduring dry seasons, and
by restricting canal flow to the ocean during the dry
season (Howie, 1987; Sonntag, 1987; Miller, 1988;
Radell and Katz, 1991). Other strategiesfor improving
the quality of the public-water supplies have included
desalinization, rotation of well pumpage, and reloca-
tion of well fieldsto inland areas (Sonenshein and Hof -
stetter, 1990).

Saltwater intrusion also has occurred on the south-
west coast of Floridain areas of urban development
(Duerr and others, 1988; Duerr and Enos, 1991; Florida
Geological Survey, 1992; Trommer, 1993). Saltwater
intrusion into highly phosphatic zones of the interme-
diate aguifer can release large amounts of radium -226
into the ground water (Miller, 1992). Brackish water
from deep, free-flowing, abandoned irrigation wells
hasinfiltrated many localized areas in the central part
of the study unit. Strategiesfor improving the quality of
the surficial aquifer in these areasinvolve plugging
abandoned wells and backplugging saltwater-flow
zones in deep wells (LaRose, 1990; Bradner, 1994).

Nutrient Enrichment

Sources of nutrient enrichment of ground water in
southern Floridainclude fertilizer application, storm-
water runoff, and wastewater disposal. Nutrientsin
ground water are aconcern in southern Floridabecause
of their potential effect on human health and on surface
waters. Nutrients such as nitrate and ammonia present
in high concentrations in ground water may pose a
threat to human health because most drinking water in
southern Floridais from ground-water sources. Shal-
low ground water and surface water in southern Florida
are closely connected and rapidly interchange. There-
fore, nutrient-rich ground water that seepsor is pumped
into surface-water bodies can contribute to nutrient
enrichment and undesirable algal growth.

Fertilizer applied to citrus groves, vegetable crops,
golf courses, and residential areasisasource of nitrate,
ammonia, and phosphorusin ground water in southern
Florida. For example, nitrate concentrations exceeding
30 mg/L have been detected in ground water beneath
citrus growing areas in the Lake Wales Ridge area

(German, 1996) and in the upper part of the Biscayne
aquifer in the vicinity of vegetable-growing areas
(Florida Department of Environmental Protection,
Public Water System, written commun., 1995). The
highest number of wells yielding water exceeding the
drinking-water standard for nitrate (10 mg/L) (Florida
Department of State, 1993) are in Polk and Highlands
Counties near the citrus-growing areas (822 domestic
supply wells) and in Dade County near the vegetable-
growing areas (7 noncommunity supply wells) (Florida
Department of Environmental Protection, Pesticide
Contaminant Monitoring System, written commun.,
1995). Generally, as recharge water with high organic
nitrogen concentration enters anaerobic zones of the
aguifer system, conversion to ammoniaoccurs by min-
eralization. High ammonia concentrations have been
detected in ground water in the Biscayne aquifer near a
golf course (Swancar, 1996). Although phosphorusis
not typically aproblem in ground water, runoff of phos-
phorus-rich ground water used for irrigation may result
in aga bloomsin wetlands, lakes, and streams.

Stormwater runoff may enter ground water through
drainage wells or percolation ponds. Shallow drainage
wellsin Dade and Broward Counties that divert storm-
water into the Biscayne aquifer may be a source of
ammonia contamination (Kimrey and Fayard, 1984).
Drainagewellsin Orange County that divert stormwater
by gravity flow into the Floridan aquifer system are also
a source of ammonia contamination (Bradner, 1991).

Wastewater disposal is awidespread sources of
nutrient contamination to ground water. For example,
citrus processing wastes and wastewater treatment
plant effluent are often applied to sprayfields or placed
into percolation ponds (Bradner, 1991; Sumner and
Bradner, 1996). Wastes from dairy operations contain
high concentrations of phosphorus and nitrogen
(Federico, 1977; L ake Okeechobee Technical Advisory
Council, written commun., 1989; South Florida Water
Management District, 1989) which may be transported
in surface-water runoff and subsequently contaminate
shallow ground water overlain by sandy soils. Nutri-
ents from septic tanks and shallow disposal wells can
potentially seep into surface water and contribute to
enrichment and degradation of surface water and
ground water. In the Florida Keys, there are more than
25,000 septic tanks, 5,000 cesspools, and 600 shallow
drainage wellsthat release nutrient-rich water into very
porous limestone. There is concern that nutrients from
these sources may seep into shallow marine waters and
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adversely affect this environment, including the coral
reefs. Recent studies have reported high concentrations
of ammoniain shallow ground water offshore of the
Keys (Shinn and others, 1994; Paul and others, 1995).

Occurrence and Distribution of Pesticides

Pesticide use in southern Florida includes ground
and aerial application of pesticides for agriculture,
mosquito control, and aquatic weed control; and pesti-
cide use on golf courses, residential property, and
power and transportation right-of-ways. Many pesti-
cides reach shallow ground water by runoff and perco-
lation through the soil; however, the transport and
degradation of pesticidesin ground water are not well
understood. Pesticides detected in wells tapping the
surficial aquifer system include the herbicides bro-
macil, diuron, and propazine; and the insecticides 1,2-
Dibromoethane (EDB), aldicarb, carbofuran, and
endosulfan sulfate (Florida Department of Environ-
mental Protection, Groundwater Monitoring Program,
written commun., 1995).

A widespread source of ground-water contamina-
tion by pesticides in southern Florida is heavy applica-
tion in citrus groves. Bromacil iswidely applied to
citrus groves and has been frequently detected in citrus-
growing areas. Untreated water samples from more
than 800 domestic-supply wellsin Polk and Highlands
Counties contained detectable concentrations of
bromacil (Florida Department of Environmental Pro-
tection Groundwater Monitoring Program, written
commun., 1995). By 1995, 56 of these wells had water
samples with bromacil concentrations greater than the
health-advisory concentration of 90 pug/L (Florida
Department of Environmental Regulation, 1989; Flor-
ida Department of Health, Environmental Toxicology,
written commun., 1995). Diuron is commonly com-
bined with bromacil for application in citrus groves,
however, detections of diuron are less frequent and
generally at lower concentrations than bromacil (Flor-
ida Department of Environmental Protection, Ground-
water Monitoring Program, written commun., 1995).
The herbicide propazine, used for weed control in sor-
ghum (acommon feed crop for cattle), was detected in
severa background wellsin Collier, Glades, Hendry,
and Lee Counties. The extent of propazine contamina-
tion has not been determined because the counties
cover large areas of land and the background wells are
sparsely located.

One of the most publicized contaminants is EDB,
which was banned for agricultural use in Floridain

1983 (Katz, 1993). By 1995, morethan 1,000 domestic
supply wells in the sandy ridge area of Polk and High-
lands Counties were contaminated by EDB (Florida
Department of Environmental Protection, Pesticide
Contaminant Monitoring System, written commun.,
1995). Many of the contaminated wells are located in
areaswhereformer citrus groveswere converted to res-
idential developments. Inthese developments, drinking
water issupplied by individual shallow wells. Traces of
EDB also are detected in ground water in other parts of
the study area. Sources of EDB contamination in areas
away from citrus groves have not been determined. The
fumigant methyl bromide is now being used instead of
EDB as aninsecticidein southern Florida; further stud-
ies are needed to determine whether ground water has
been contaminated in areas where methyl bromide is
being used.

Aldicarb, a carbamate insecticide, has been
detected in water samples from more than 100 wells
that tap the surficial aquifer system in current and
former citrus-growing areasin Orange, Polk, and High-
lands Counties (German, 1996), aswell asin water
samples from background wells (Florida Department
of Environmental Protection, Groundwater Monitoring
Program, written commun., 1995). Carbofuran,
another carbamate insecticide, was detected in water
from one background monitoring well, but has not been
detected in water from domestic supply wellsin the
areas where other insecticides have been detected
(Florida Department of Environmental Protection,
Ground Water Monitoring Program, written commun.,
1995) Endosulfan | and 11, insecticidesthat are used on
vegetables and citrus, have been detected in surface
waters in southern Florida (R.J. Milesand C.J.
Pfeuffer, SFWMD, written commun., 1995). Only
endosulfan sulfate, aless hazardous breakdown prod-
uct of the two parent compounds, has been detected in
ground water in the study area.

Volatile Organic Compounds

Detections of volatile organic compounds (V OCs)
in ground water are common in urban areas and spo-
radic in rural areas in southern Florida. The principal
V OCs detected in untreated ground water used for pub-
lic suppliesarethe hal ogenated aliphatic hydrocarbons,
particularly trichloroethene, vinyl chloride, and tetra-
chloroethene; and the monocyclic aromatics hydrocar-
bons such as benzene, toluene, and xylenes.

A study of public-water suppliesin Broward,
Dade, and Palm Beach Counties reported that 27 large
public water systems had detectable levels of VOCsin
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the raw water supplied to the utilities (Vincent, 1984).
Numerousdrinking-water utilitiesin southeastern Flor-
idatreat raw ground water contaminated by haloge-
nated aliphatic hydrocarbons (fig. 8a) and monocyclic
aliphatic hydrocarbons (fig. 8b). Concentrations of
these compounds in raw untreated water samples
sometimes exceed drinking-water guidance concentra
tions. Many of these water-supply systemsareusing air
stripping techniquesto remove significant quantities of
vinyl chloride and trichloroethene from raw water as a
part of the treatment process (FDEP Public Water
Supply, written commun., 1995). Samples from back-
ground monitoring wells were also reviewed for detec-
tions of halogenated aiphatic hydrocarbons (fig. 8c)
and monocyclic aromatics hydrocarbons (fig. 8d). The
highest densities of background monitoring wells with
detections of these VOCsin raw water sampleswerein
Polk, Martin, Dade, and Palm Beach Counties.

Metals and Trace Elements

Natural iron sources are widespread in southern

ida (Sherwood and others, 1973); further studies are
needed to determine whether the ground water in these
areas has been contaminated. Arsenic has also been
detected in ground water beneath golf courses where
the arsenic-containing compound MSMA has been
applied for weed control (Swancar, 1996).

Mercury is generally in low concentrations in
ground water in southern Florida, but an abundance of
dissolved organic compounds in ground water is con-
ducive to the transport of mercury. Surficial ground
water in the Everglades may be enriched in certain con-
stituents that enhance mercury cycling. Sulfate-reduc-
ing bacteria in peat soils of the Everglades may
enhance the transformation of inorganic mercury to
methyl mercury, a toxic form that concentrates in the
biota. Studies are underway by the U.S. Geological
Survey to evaluate biogeochemical processes in the
Everglades peat that might control mercury cycling
(Krabbenhoft and Rickert, 1995).

Florida’s aquifer systems. Sources include oxidation oRagioactivity

pyrite and organic compounds, and the dissolution of
iron oxide and silicate minerals (Florida Geological Much of the northwestern part of the study unit is
Survey, 1992). Iron can be mobile in some ground  underlain by phosphatic deposits containing phosphate
water environments and can occur in relatively high ore (pebbles) that typically contains 100 to 150 ppm of
concentrations (>1.0 mg/L). Iron in ground water is anyranium, mainly uranium-238 (Guimond and Windom,
issue of concern primarily for esthetic reasons, and it1975)_ Uranium is not very soluble in the reducing
can be easily removed using conventional treatment onyironment typical of ground water. Consequently,
methods. many of the studies of radioactivity in Florida have
Trace elements are generally present at low been related to uranium-238 daughter radionuclides
(<0.001 mg/L) concentrations in ground water in such as radium-226 in drinking-water sources (Kauf-
southern Florida (Florida Geological Survey, 1992). mann and Bliss, 1977; Miller and Sutcliffe, 1985) or in
Lead, arsenic, and mercury in ground water are of CO@'round water near phosphate chemical plants and

E?Ortnabfgngceoﬁig;ﬁ'r;?gin.tr']alI?/Oto:éc e:,gtz;nq tlr:; mines (Miller and Sutcliffe, 1984); radon-222 in water
lota. ' n ground w P and dwellings (Nagda and others, 1987); and polo-

from background monitoring wells sometimes exceed .

the 50ug/L primary drinking water standard, but some nium-210 in water (Harada and others, 1989) because

of these detections may be artifacts of well contamina2§ the cancer risk associated with ingestion or inhala-

tion. Lead mobility should be limited by sorption on tion of these radionuclides. Phosphate ore occurs in
clays and organic compounds (Florida Geological ~ 9reatest concentration in the intermediate aquifer, but
Survey, 1992). the ore also occurs in other parts of the surficial aquifer
Arsenic has been a contaminant around old cattleSystem in southwestern Florida. Radium-226 in ground
dipping pits in the vicinity of cattle ranches (Blasland, Water often exceeds drinking-water regulations (5.0
Bouck, and Lee, 1992), but these areas are very smaRCi/L) in coastal counties and its radioactivity usually
compared to the large size of the ranch (usually thou-ncreases with dissolved-solids concentration due to
sands of hectares in drained prairie wetland comparetPn exchange reactions (Miller and Sutcliffe, 1985).
to about 1 ha of contamination). Arsenic has been  The highest radium-226 activity that Miller and Sutc-
detected in the bed sediment of canals in southern Fldiffe (1985) measured was 110 pCi/L in a sample with
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Figure 8. Occurrence of hydrogenated aliphatic and monocyclic aromatic hydrocarbons in ground water in

southern Florida.
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a specific conductance of 19,000 microsiemens per
centimeter at 25° C. Efforts have been made to provide
treated water from public water utilitiesto people liv-
ing in areas with elevated radium-226 to reduce cancer
risks associated with ingesting this bone-seeking radi-
onuclide. Radon-222 concentrationsin ground water in
central Floridaranged from 20 to 46,000 pCi/L (Kauf-
mann and Bliss, 1977). Polonium-210 in ground water
ranged from less than 0.05 to greater than 4.5 pCi/L;
tended to occur in shallow ground water with low pH,
high sulfide, and high radon-222; and may be released
by bacterial action (Harada and others, 1989).

AQUATIC ECOLOGY IN SOUTHERN
FLORIDA

Thebiological communities of aquatic ecosystems
in southern Floridareflect past and present water-qual-
ity conditions and simultaneously influence the nature
of future water quality through a series of complex and
dynamic interactions.

Overview of Aquatic Ecology

Wetlands are the dominant aquatic systemsin the
surface-water basins of southern Florida (table 4).
These wetlands include a variety of ecosystem types
including cypress strands, cypress domes, flatwoods
sloughs, hardwood swamps, prairies, marshes, and riv-
ering/lacustrine flood plains (Livingston and Fernald,
1991). Freshwater wetlands merge with coastal wet-

lands and sustain them through seasonal sheetflow of
waters with low nutrient concentrations. A large num-
ber of canals cut through the wetlands of southern Flor-
idaand areisolated from the ecosystems of the adjacent
wetlands. These canals are often dredged to facilitate
maximum discharge and have habitat characteristics
very different from surrounding wetlands, natural riv-
ers, and streams. Unchannelized rivers, such as the
Myakka and the Peace Rivers, constitute arelatively
small part of the surface water ecosystem in southern
Florida.

The Big Cypress Basin, including the Big Cypress
Swamp and the BCNP, is a unique wetland environ-
ment in southern Florida. The Big Cypress Basin
differs from the adjacent Evergladesin that it has rela-
tively higher land elevation, thinner soils of marl or
sand, and widespread forest vegetation (McPherson,
1974). Natural drainage in the Big Cypressis by slow,
overland flow of water to the south, and well-defined
streams generally do not exist (McPherson, 1984).

Freshwater vegetation in the Big Cypress Basin
primarily consists of cypress forests, mixed swamp
forests, willow thickets, prairies, marshes, and ponds
(Duever, 1984); cypress and hardwood vegetation is
dominant (table 4). Periphyton is also an important
component of wet prairies, coastal marsh, and dwarf
cypress communities. Blue-green algae precipitate
considerable amounts of calcium carbonate, which
forms calcitic mud or marl found throughout the Big
Cypress (Duever and others, 1986).

Table 4. Extent of wetlands in drainage basins in southern Florida

Hectares of wetlands?

Total basin
Basin area, in Marsh Canals Salt
hectares Cypress Hardwoods and Lakes and Mangrove

slough rivers marsh
Big Cypress 649,000 184,000 75,300 51,500 1,360 358 58,200 9,260
Caloosahatchee River 349,000 7,240 5,960 18,200 377 1,070 1,090 200
Everglades Agricultural Area 270,000 0 49,900 351 49 769 0 0
Everglades 935,000 55,900 96,500 111,000 61 1,930 125,000 24,000
Florida Keys 39,400 0 0 0 0 0 12,300 59
Kissimmee River 1,060,000 13,600 37,600 96,800 79,600 3,510 0 0
St. Lucie River 351,000 5,890 5,270 50,300 491 2,360 1,060 91
L ake Okeechobee 181,000 15 4,620 10,200 88,600 878 0 0
Peace and Myakka Rivers 840,000 4,790 55,600 40,300 21,200 1,360 13,700 2,320
East Coast Urban Area 412,000 126 12,100 48,300 5,940 2,350 7,090 1,390

Modified from U.S. Department of the Interior, Fish and Wildlife Service, National Wetlands Inventory, 1979-81.
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Little is known about the ecology of the inverte-
brates in the Big Cypress Basin (Drew and Schomer,
1984). Among the most abundant fish in the Big
Cypress Basin are the Florida gar, the bowfin, the lake
chubsucker, the swamp darter, species of killifish, and
the mosquito fish (Drew and Schomer, 1984; Duever
and others, 1986). The Big Cypress Basin is perhaps
the most ecol ogically undisturbed natural wetlands sys-
tem in southern Florida (Duever, 1984). Mgjor contem-
porary perturbationsto the ecology of the Big Cypress
include agriculture and residential development on the
periphery of the basin, oil exploration, off-road vehicle
use, construction of roads and an airport, and limerock
quarrying.

The Kissimmee River, Lake Okeechobee, and the
Everglades watersheds are acomplex, highly modified
system where watershed boundaries and ecological
relationsaredifficult to assess. TheKissimmeeRiveris
inastateof transition asaresult of effortsto restorethe
hydrology of the Kissimmee-Okeechobee-Everglades
system to an approximation of predevel opment condi-
tions.

Historically, the Kissimmee River meandered for
about 160 km through its watershed and periodically
overflowed its banks to inundate an adjacent wetland
mosaic of broadleaf marsh, wet prairie, and wetland
shrub communities (Milleson and others, 1980), which
made up 20 percent of the watershed (Kushlan, 1991).

By the early 1980’s the Kissimmee River had been
transformed into a canal (sometimes called C-38) abo

90-km long, fitted with a number of water-control
structures.

years algal blooms of blue-green species (cyanobac-
teria) cover more than 40 percent of the lake surface in
late June and early July (Brezonik and others, 1987).
Average annual chlorophydl concentrations (a com-
mon measure of productivity of algal populations)
ranged from 19 to 2[dg/L during 1974-84 (Canfield

and Hoyer, 1988). The highest chloroptagioncentra-
tions were measured in the northern and western parts
of the lake (Phlips and others, 1994). The relative
importance of factors contributing to frequency and
intensity of algal blooms has not been determined.
Phosphorus inputs, disturbance and resuspension of
nutrient-rich bed sediments, and other factors are all
being studied to quantify their relative contributions to
blooms of blue-green algae. The lake contains large nui-
sance populations of several exotic aquatic macro-
phytes, including water hyacinth, hydrilla, and water
lettuce. Periodic application of herbicides for control of
nuisance macrophytes results in greater light penetra-
tion and greater availability of plant nutrients, which in
turn promotes subsequent algal blooms.

The Everglades is a large, peat-based wetland
that historically covered about 11,000 %rim modern
times, the Everglades watershed south of Lake Okee-
chobee has been drained and divided into the EAA, the
WCASs, and the ENP. The EAA is an area of drained
wetlands used for large-scale agricultural production of
sugar cane, winter vegetables, and rice. The WCAs are

Lﬂiked, vegetated, shallow-water reservoirs designed for

ood control and water supply. The ENP contains
about 20 percent of the original Everglades system now

Wetlands are much reduced in extent, and the Wep_reserved for wilderness and wildlife habitat.

lands that remain are homogeneous plant communities The majority of the wetlands already lost from the
confined to the lower, impounded parts of each pool Everglades system may never be restored because res-
(Toth, 1993). At least 39 species of native freshwater toration would come at an incalculable cost to agricul-
fishes were present in the pre-impounded Kissimmeeture and the millions of residents living on the already
River Basin (Bass, 1991). Following canalization, onlydrained land. Maintaining the remaining wetlands in
17 fish species were collected, and the proportion of the Everglades system as a self-sustaining multi-use
game species decreased from 43 to 28 percent (Davigssource which provides water supply, flood control,
and others, 1990). Macroinvertebrate communities ingnq water-quality enhancement is the goal of present

the canalized reaches are generally characterized by
low invertebrate density and low species richness (Ru
ter and others, 1986; Toth, 1993). Restoration of the
Kissimmee River, including a 4-year demonstration
project designed to recreate hydrologic conditions

§1995) interagency efforts.

The Everglades has been described as the most
intensely studied wetlands in the world (Kushlan,
1991). Historically, the Everglades was dominated by

prevalent during predevelopment times, has provided §awgrassCladiumjamaicense. This dominance is pre-

focus for recent ecological studies (Toth, 1993).

sumably due to the tolerance of sawgrass for very low

Lake Okeechobee is a shallow, naturally eutrophigiutrient concentrations (Steward and Ornes, 1975).
lake which is extensively influenced by nutrient enrich-Sawgrass does not have a competitive advantage over

ment from human activities. Primary production is

other macrophytes, such as cattail, under high-nutrient

limited by nutrient concentration and/or light. In some conditions.
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Periphyton is an important component of the eco-
system in many areas of the Everglades; periphyton
varies in composition according to nutrient concentra-
tion and hydropattern (defined as the depth of water,
and the duration and timing of freshwater inundation).
Desmids, filamentous green algae, and certain species
of diatoms are present in acid, low-mineral, low-nutri-
ent habitats such as those present in the interior of
WCA-1. Rainfall isthe primary source of water-quality
constituents in these habitats. In marsh areas with low
nutrient concentrations but high dissolved-mineral
content, cal careous blue-green algae and diatoms dom-
inate the periphyton community. These areas occur in
interior partsof WCA-2and WCA-3, and in partsof the
ENP. Marsh areas adjacent to and fed by the EAA
canals carrying drainage water with high nutrient and
dissolved-mineral concentrationstypically contain per-
iphyton dominated by filamentous, nutrient-tolerant,
blue-green agae and diatoms (Swift, 1984; Swift and
Nicholas, 1987). Cal careous periphyton and the forma-
tion of an algal mat are characteristic of Taylor Slough
and other areas where the hydroperiod (the duration of
freshwater inundation) is6 to 7 months. At siteswith a
longer hydroperiod, approaching year-round flooding,
periphyton composed of green algae, especially
desmids, is common (Browder and others, 1981).

A review of data on periphyton food utilization by
macroinvertebrates and vertebrate animalsin the Ever-
glades indicates that diatoms are a preferred food
source; green algae are consumed less frequently, and
blue-green algae arelikely an unsuitablefood for many
invertebrates, fish, and other organisms (Browder and
others, 1994).

Fish are animportant component of the Everglades
ecosystem, and they function at many levelsof thefood
web ranging from primary consumers of vegetation
and detritus, to secondary consumers of invertebrates,
and finally astop predators (L oftus and Eklund, 1994).
Forty-three speciesof fishesin 18 families, including at
least four exotic species, were collected in the Ever-
glades during 1962-74 (Dineen, 1974). Only two long-
term, quantitative studies of Everglades freshwater
fishes have been conducted, and both occurred within
the ENP (Loftus and Eklund, 1994). It islikely that the
intensity of human activities in southern Florida will
result in ecosystem alterations that will influence the
fish community composition.

The Myakka River, Peace River, Caloosahatchee
River, and other streams are locally important compo-
nents of surface-water systemsin the northwestern part
of the study unit. The Myakka River isone of southern
Florida’s most pristine rivers (Estevez and others,
1991), and the lower two-thirds of the river is desig-
nated as an Outstanding Florida Water (Livingston,
1991). The basin still contains areas of forested wet-
lands and large amounts of instream and bankside logs,
branches, roots and other snag habitats. Submersed
aguatic vegetation is relatively scarce (Canfield and
Hoyer, 1988), perhaps due to shading, and food chains
are based on detrital inputs (Estevez and others, 1991).
One exception is the natural in-stream lakes which are
typically wide, grassy, and shallow lentic reaches in the
main riverbed. In these habitats, insects are the most
abundant invertebrates in the upstream reaches,
whereas crustaceans dominate in the downstream parts
of the river (Estevez and others, 1991).

In contrast to the Myakka River, the Peace River
Basin contains a relatively small amount of undis-
turbed and public land, and the few remaining natural
areas in the basin are being diminished by expanding
citrus operations and phosphate mining. Blue-green
algae with the capacity to fix nitrogen dominate the
phytoplankton community in the phosphate-enriched
streams of the Peace River Basin (Fraser, 1991). The
Peace River contained 34 species of native freshwater
fishes and a number of exotic species during 1983-88.
The most abundant species collected were the Florida
gar, bluegill, largemouth bass, and redear sunfish
(Bass, 1991).

In the Caloosahatchee River, very low streamflow
velocity and the presence of numerous oxbow lakes
along the main channel allows the establishment of
floating aquatic macrophyte communities including
alligator weed, floating maidencane, water lettuce, and
primrose willow. In the main channel of the river,
emergent and floating vegetation is rare, and algae
dominate the plant community (Drew and Schomer,
1984). Chlorophylh concentrations in the Caloosa-
hatchee River vary seasonally, and maximum chloro-
phyll a concentrations coincide with algal blooms of
blue-green algal species includitigabaena flosaquae
andMicrosystisaeruginosa. Algal blooms occur down-
stream of wastewater treatment plants, and also down-
stream from sources of agricultural runoff including
flower nurseries and citrus groves. At least 31 species
of native freshwater fishes have been collected in the
Caloosahatchee River (Bass, 1991).
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Issues of Regional Importance to Aquatic
Ecology

Theintensity and pervasive nature of human activ-
ities in southern Florida has significant consequences
for the ecology of the aguatic habitats in the region.
Although there are many issues of importance relating
to aguatic ecology in southern Florida, those which are
of particular interest include altered hydropatterns, the
influence of nutrient enrichment, the occurrence and
distribution of mercury, endocrine disruption and other
effects of pesticides and other organic compounds, and
the spread of exotic plant and animal species. The many
factors rel ating to aquatic ecology in southern Florida
are discussed separately in this report, for ease of pre-
sentation. However, in many cases these factors inter-
act in complex ways, with consequences of greater
magnitude for the biota than would otherwise be
expected.

Altered Hydropatterns

Hydropatterns have been significantly altered in
southern Florida from historical times. The hydro-
period in the Everglades marshes was 5 to 10 months,
but under present conditions, many Everglades
marshes arewet only 2 to 5 months per year. The dense
sawgrass once covering the northern Evergladeslikely
slowed the southward flow of water from rainfall and
L ake Okeechobee overflow, resulting inaprolonged or
continuous hydroperiod for the marshes farther south
(Fennema and others, 1994). The conversion of the
sawgrass marsh in the northern Everglades to agricul-
tura fields and drainage canals may have had an indi-
rect effect on hydropattern in the sawgrass marshesto
the south in the WCAS s, accelerating the rate of water
flow and changing the timing of water supply (Walters
and others, 1992). One goal of the Everglades Con-
struction Project is to use treated water from the pro-
posed STAs to improve seasonal water supply in the
Everglades and specifically to reestablish sheetflow to
the WCAs.

Changesin hydropattern have many ramifications
for aquatic ecosystem structure (numbers and types of
organisms) and function (processing and cycling of
food and energy). Altered hydropatterns have influ-
enced historic fire patterns in the BCNP (Duever and
others, 1986). There appearsto be ageneral increasein
firesin the BCNP since 1971, although inconsistent
records prior to 1970 preclude statistical analysis of
these changes (Duever and others, 1986). Changesin

dominant flora, for example a shift from sawgrassto
cattail, may result from changesin hydrologic and fire
regimes (Urban and others, 1993; Davis and others,
1994). Studies indicate that marshes with alonger
hydroperiod have greater densities of macroinverte-
brates than marsheswith ashorter hydroperiod (L oftus
and others, 1990). Densities of many small fish species
that provide afood source for wading birds have been
positively correlated with the number of months of
marsh inundation (Loftus and Eklund, 1994). Two
long-term, quantitative studies of Everglades fishes
focus on the response of fish communities to changing
hydroperiod (Kushlan, 1976; Loftus and Kushlan,
1987) and indicate that populations of larger predatory
fish are enhanced during periods when the hydroperiod
is extended.

Data from studies in the Kissimmee River Basin
indicate that wetland communities can revert to prede-
velopment types within ayear once the hydrologic
regimeisrestored (Toth and others, 1993). Data also
indicatethat maintenance of diverseand self-sustaining
littoral and flood-plain vegetation requires mainte-
nance of continuous flow and widely varying stage and
discharge regimes (Toth and others, 1993). Macroin-
vertebrate communities sampled adjacent to the Kiss-
immee River main channel following flow restoration
indicate increased species richness especially of cur-
rent-loving species (Rutter and others, 1989). How-
ever, unless water levels are deep enough for long
enough, fish species cannot utilize marsh habitat to any
extent in the Kissimmee watershed, and enhancement
of game fish populations will not occur (Toth, 1993).

Influence of Nutrient Enrichment on Habitat
Integrity

Historically, nutrient concentrations were low in
the Everglades and controlled by nutrient concentra
tionsinrainfall (Waller, 1982). In recent times, numer-
ous areas of southern Florida have been subjected to
nutrient enrichment. The EAA is the source of 45 per-
cent of the phosphorus load discharged to the Ever-
glades (South Florida Water Management District,
1995). During 1978-87 WCA-2 received at least 1,825
Mg of nitrogen and 61 Mg of phosphorus per year from
adjacent canals (South FloridaWater Management Dis-
trict, 1992b). During 1978-91, an estimated mean
annual load of 204 Mg of total phosphorus was trans-
ported by EAA drainage/runoff water with 85 percent
going to the south (South Florida Water M anagement
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District, 1992b). A north-to-south gradient of decreas-
ing nitrogen and phosphorus concentrations has been
documented across the WCAs (Belanger and others,
1989). Nutrient concentrations of up to 30 times the
background concentration have been measured in canal
water adjacent to the ENP (Gordon and others, 1986);
however, the annual phosphorusinput to the ENP has
increased very little over predrainage inputs (Davis,
1994). Dataindicate that phosphorusis moreimportant
than nitrogen as a limiting nutrient for plant growth in
the Everglades system as awhole (Davis, 1994).

Studies show that algae and macrophytes respond
rapidly (within days or weeks) to increased nutrient
availability (Belanger and others, 1989; Grimshaw and
others, 1993). Experimental additions of phosphorus at
field sitesin WCA-2 resulted in increased phosphorus
uptake and increased biomass production by sawgrass
communities (Craft and others, 1995). No significant
changein macrophyte speciesdiversity or expansion of
cattail stands was observed in experimental plots
receiving nutrient additions, but the duration of the
study (2 years) may have been too short to show
effects.

Numerous other studies indicate that nutrient
enrichment in the Everglades has resulted in or contrib-
uted to the replacement of sawgrass and slough com-
munities by cattail and disappearance of the native
blue-green agae/ diatom-dominated periphyton mats
(Floraand others, 1988; Belanger and others, 1989;
Scheidt and others, 1989; Davis, 1991; South Florida
Water Management District, 1992b). Increasesin nutri-
ent concentrations, however, do not fully explain the
distribution of cattail in the Everglades. Urban and oth-
ers (1993) monitored sawgrass and cattail densitiesin
WCA-2 and reported that deep water, fire, and nutrient
enrichment synergistically stimulated cattail expansion
into sawgrass communities. Physical disturbance of
any kind appears to provide cattail with a competitive
advantage over sawgrass because cattail is adapted
to function as an early colonizer in these habitats
(Davis, 1994).

In the Everglades ecosystem, the dominant macro-
phyte type (sawgrass or cattail) can exert a profound
influence on the ecology of the habitat (Belanger and
others, 1989). Cattails have a shorter life cycle than
sawgrass, so the production of detrital material (and
associated biological oxygen demand) is greater. The
shape and size of cattail leaves reduces reaeration and
light availability at the water surface, thus reducing
benthic algal photosynthesis and lowering dissolved-

oxygen concentrations. Changes in organic bed-
sediment texture, dissolved-oxygen concentration,
transpiration rate, and the community composition of
microbial, periphyton, and macroinvertebrate popula-
tions occur following nutrient enrichment (Davis,
1994). Richardson (1994) and Craft and others (1995)
reported asignificant decline of the Utricularia-periph-
yton mat after only 1 year of nutrient additions and
subsequent expansion of Chara (musk-grass) popula-
tions to replace the floating periphyton mat. Several
studies have reported that macroinvertebrate diversity
inthe Evergladesisnaturally low (Waller, 1976; L oftus
and others, 1990). Following a shift from sawgrassto
cattail stands, areductionin numbersof Diptera, snails,
and isopods was observed, whereas the density of
annelid worms doubled (Davis, 1994). Rader and Rich-
ardson (1992) reported no reduction in diversity,
although their analyses of macroinvertebrate datawere
preliminary. Implications of a shift in macroinverte-
brate community composition for the Everglades food
chain are poorly understood but may be significant
(Davis, 1994) and warrant further investigation.

The goa of the Everglades Construction Projectis
to reduce the phosphorus loading to the Everglades
Protection Areaby creating six STAscomprising about
16,000 ha of wetlands. In combination with implemen-
tation of on-farm Best Management Practices in the
EAA, the STAs should keep phosphorusinflowsto the
Everglades Protection Areafrom exceeding 50 ppb
(South Florida Water Management District, 1994b).
The Everglades Nutrient Removal Project is a proto-
type STA and operation was initiated in 1994 (South
Florida Water Management district, 1994b). Data
collected from this 1,600-ha constructed wetland will
be used to refine and improve design, operation, and
management of the Everglades Construction Project.

Occurrence and Distribution of Mercury

The build up of mercury in the environment is
widespread in many parts of the world (National Acad-
emy of Sciences, 1978). Concentrations of mercury
have increased worldwide in the atmosphere over the
last 100 years, presumably as aresult of industrializa-
tion. In Florida and particularly in the Everglades, the
build up of mercury in bed sediment and biota has been
pronounced (Atkeson, 1994). Analysis of bed-
sediment cores in the Everglades indicates that mer-
cury accumulation rates are presently about six times
higher than in 1900 (Delfino and Crisman, 1993).
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Most mercury entering the aguatic habitat from the
atmosphereisprimarily intheinorganicform. Mercury
is then transformed by bacteria to the more toxic
organic form (methyl mercury) in many aquatic sys-
tems. Most mercury detected in freshwater fishis
methyl mercury (Grieb and others, 1990), which
bioaccumulates through uptake from water or diet.

In 1989, high concentrations of mercury were
detected in freshwater fish that were collected in ajoint
monitoring project by the FGFWFC, the Florida Hedlth
and Rehabilitative Services Department of Environmen-
tal Health, and the FDEP (Ware and others, 1990). Con-
centrations of mercury greater than 0.5 ug/kg were
detected in largemouth bass collected from remote and
urban lakes and riversthroughout Florida (Ware and oth-
ers, 1990). Since that time, health advisories have been
issued for more than 810,000 ha of aguatic habitat in
southern Florida, includingthe BCNP, WCA-2, WCA-3,
and the Shark River drainage in the ENP. During 1990-
91, mercury concentrations were determined in large-
mouth bass from 53 sitesin Florida. Mercury concentra-
tionsincreased with fish age and size at al study sites,
and exceeded the Florida health advisory standard
(0.5 pug/kg) in fish from 24 of the 53 lakes sampled.
Maximum concentrations of mercury detected in large-
mouth bass (4.4 mg/kg) and bowfin (7 mg/kg) from the
Everglades are the highest concentrations detected in
Florida (Stober and others, 1994).

A 1993 study of mercury in southern Floridaindi-
cated the presence of a north-to-south (high to low)
gradient for total mercury and methyl mercury inwater.
Gradientswerereversed (low to high) for total mercury
in bed sediment and mosquito fish tissue (Stober and
others, 1995). Bed sediment from Military Canal had
the highest concentrations of mercury of any sitein
Dade County (SFWMD, 1994), and mobilization from
the bed sediment into the food chain may occur. Mer-
cury accumulation through the food web may suppress
the breeding success of wading birds (Frederick and
Spalding, 1994) and contribute to theendangered status
of the Florida panther (Roelke and others, 1991).

Sources of mercury in southern Floridaecosystems
are not well understood. Atmospheric transport and
deposition from global and regional sourcesis one
likely source. Periodic inundation of natural mineral
and peat deposits during fluctuating water levels may
facilitate mercury mobilization (Delfino and Crisman,
1993; Lange and others, 1993). Other waterborne
sources may includerelease from limestoneformations
underlying the Everglades, and runoff from periodi-

cally burned croplandsin the EAA. Definitive studies
of the influence of water quality on mercury transfor-
mation and uptake are not complete, and at thistime
(1996) correlations between other water-quality con-
stituents and mercury concentrations in biota have not
been substantiated. Numerous studies of mercury
occurrence and distribution in water, bed sediment, and
biota, aswell as process-oriented studies of mercury
mobilization, transformation, and bioaccumulation, are
underway in southern Florida (Mercury Technical
Committee, 1991).

Endocrine Disruption and Other Effects of
Pesticides on Biota

Pesticides and other organic compounds are
detected throughout the ecosystems of the world
(Simonich and Hites, 1995). The same suite of charac-
teristics which make pesticides effective (persistence,
low volatility, low water solubility, high lipid solubil-
ity, and low rate of biodegradation) also may lead to
bicaccumulation and biomagnification with resultant
toxicity in nontarget wildlife and humans (Bason and
Colborn, 1992). Pesticide use is so widespread in
southern Florida that documenting the extent of useis
difficult (Scheidt, 1989). As of the late 1980's, at least
88 pesticide compounds were used in southern Florida
agriculture (Scheidt, 1989). Principal regional pesti-
cide uses include ground and aerial spraying of pesti-
cides for agriculture, mosquito control, and aquatic
weed control, and application of pesticides on golf
courses, on residential property, and on power and
transportation right-of-ways.

The only long-term pesticide monitoring program
in southern Florida is carried out by the SFWMD; long-
term quarterly monitoring sites for a suite of 68 pesti-
cides in surface water and hydrosoil are confined to the
canal system and no marsh sites are included (Scheidt,
1989). No ongoing programs to monitor pesticides in
wildlife existed as of the late 1980's (Scheidt, 1989).

Fish were collected in the WCAs during 1971-72
and in the ENP during 1969-70 for pesticide analyses.
Measurable concentrations of DDT (6—3idkg),
dieldrin (6—130ug/kg), toxaphene (2,200-5,000
png/kg), and PCBs (10-1Qy/kg) were detected in tis-
sue from largemouth bass, bluegill, and several sunfish
species (McPherson, 1973). No detectable concentra-
tions of aldrin, endrin, heptachlor, lindane, or chlor-
dane were measured in that study. Measurable
concentrations of several pesticides including
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chlordane, oxychlordane, p,p DDE, and nonachlor
were detected in fish fillet tissue samples collected in
Collier County in 1995 (Al Ruth, Collier County Envi-
ronmental Services Division, written commun., 1995).
M easurable concentrations of endrin were detected in
fish tissue samples collected in aremote area of Faka-
hatchee Strand State Preserve, and dieldrin was
detected in fish tissue samples collected in Lake Traf-
ford. The focus of recent monitoring efforts couples
analyses of water and bed sediment with analyses of
biota at various levelsin the food chain (filterers, gath-
erers, predators) to obtain information on biocaccumula-
tion and biomagnification of pesticides and other
organic compounds.

A large number of pesticides and other organic
compounds with widespread distribution in the envi-
ronment are reported to have endocrine-disrupting
effects (Colborn and others, 1993). Reproductive
anomalies have been observed in fish, wading birds,
the American alligator, and other animalsliving in eco-
systems polluted by compounds that disrupt the endo-
crine system (Davis and Bradlow, 1995). The National
Biological Service has collected fish from several sites
in southern Florida as well as from numerous sites
throughout the United States; analyses to determine
estrogen/testosterone ratios were in progress in 1996
(Wade Bryant, National Biological Service, written
commun., 1995). Coupled with analyses of fish tissue
for the presence of pesticides and other organic com-
pounds, these data may indicate areasin southern Flor-
idawhere organisms are at greatest risk from pesticide
contamination.

Spread of Exotic Plant and Animal Species

Exotic aquatic and wetlands plants are spreading
rapidly through many parts of southern Florida. Invad-
ing plant species of greatest concern include melaleuca
(Melaleuca quinquinervia), Australian pine (Casua-
rina equisetifolia), Brazilian pepper (Schinus terebin-
thifolius), hydrilla (Hydrilla verticillata), and water
hyacinth (Eichornia crassipes) (Exotic Pest Plant
Council, 1993). Melaeuca has invaded more than
200,000 hain Florida. Infestations occur in Lake
Okeechobee’s marshes, the WCAs, the BCNP, and

establishment of melaleuca forest because of the area’s
deep sandy soils, which are preferred by melaleuca
(Duever and others, 1986). Agricultural activities asso-
ciated with conventional crop farming, including alter-
ation of patterns of periodic floods and fires, have also
facilitated the invasion of a number of exotic species
especially in the northern part of the area (Duever,
1984).

By the early 1990s, 15 to 17 species of exotic fishes
were considered to be well established in southern
Florida, and at least 7 of these species were present in
the Everglades (Robertson and Frederick, 1994).The
detrimental effects of exotic fish species include preda-
tion on native fish species and competition with native
fish species for habitat and food. These activities can
result in negative impacts on animals at other levels of
the food chain. However, some exotic fish species are
highly productive in marsh habitats and may produce a
significant amount of food for predatory bird species
(Robertson and Frederick, 1994), thereby making these
exotic fish species valuable to the food web in southern
Florida. The National Biological Service is presently
collecting data on distribution, abundance, and food
habits of exotic fish species in southern Florida to
assess their role and effect on the ecosystem.

SUMMARY

Historically, southern Florida surface waters were
characterized by large areas of wetlands that were
drained by numerous small coastal streams and several
large rivers. Today, surface water exists in southern
Florida in a complex system of highly modified and
intensively managed wetlands, lakes, canals, and regu-
lated rivers. Surface-water basins are not well-defined
and discharge in some rivers and canals may cease or
be reversed at times of the year when backpumping is
used to manage local water levels and regional water
supply. The quality of surface water has been and con-
tinues to be profoundly influenced by altered patterns
of water flow, atmospheric deposition of nutrients and
other contaminants, runoff from agriculture and live-
stock operations, phosphate mining, urban runoff,
municipal wastewater discharge, and other human

areas east of the ENP. The BCNP is vulnerable to invactivities.

sion of aggressive exotic plant species, particularly in

Development of a nutrient budget for southern

areas disturbed by off-road vehicles, fire-control activilorida is a goal of several agencies involved in ecosys-
ities, construction, and drainage projects. The north- tem restoration in the region. The relative contributions
western quadrant of the BCNP is most vulnerable to of various point and nonpoint sources of phosphorus
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and nitrogen were estimated in nine surface-water
basins in the Southern Florida NAWQA study unit.
Fertilizer and manure from agriculture account for
much of the nutrient inputs. Fertilizer isthe dominant
source of phosphorusin eight basins and the dominant
source of nitrogen in at least five basins. Canal inflow
is the largest source of phosphorusinput to Lake
Okeechobee and the second largest source of nitrogen
input to the lake. Atmospheric sources of nitrogen con-
tribute more than 20 percent of the total nitrogen input
to all basins and are the dominant source of nitrogen
input to L ake Okeechobee and the Everglades.

Nutrient loads in selected canal and river outflows
in southern Floridawere estimated using data collected
by the SFWMD and the USGS. Annual phosphorus
loads from the Peace River are the highest in the study
unit; annual phosphorusloadsfrom the Caloosahatchee
River and the major Palm Beach canals are also high,
compared to other parts of southern Florida. Estimated
annual loads of phosphorus from parts of the Big
Cypress Basin and the S-12 water-control structures of
the Tamiami Canal are low compared with estimated
phosphorus|oadsin outflowsin the northern part of the
study unit. Annual nitrogen loads in southern Florida
were highest in outflows from the Caloosahatchee
River Basin and the major Palm Beach canals. Nitro-
gen loads in outflows from parts of the Big Cypress
subbasin were lower than those estimated to the north.

The principal aquifersin southern Florida are the
Biscayne aquifer, the surficial and intermediate aquifer
systems, and the Floridan aquifer system. Watersin all
theaquifer systemsareprimarily acalcium bicarbonate
type, mostly because shell, limestone, or dolomiteis
abundant inthe aquifers. The waters are generally hard
to very hard. Ground water isthe most important drink-
ing-water resource in southern Florida; about 5.5 mil-
lion people depend on ground water as a primary
source of drinking water.

Ground water in southern Floridais vulnerable to
contamination because of its close proximity to the sur-
face. Ground-water contamination issues of greatest
concerninclude: saltwater or brackish-water intrusion,
nutrient enrichment, pesticides, metals and trace ele-
ments, volatile organic compounds, and radioactivity.
Most contaminants reach the ground-water system in
southern Floridaindirectly through the land surface
from landfill leachate, spills of industrial organic sol-
vents, and areal application of fertilizersand pesticides;
and directly from leaking fuel storage tanks, septic sys-
tems, and drainage wells. Saltwater or brackish water

from remnant or recent seawater, and radioactivity
from phosphatic deposits reach ground-water systems
asaresult of natural processes, but their occurrence
may a so be affected by human activities.

Wetlands are the dominant aquatic ecosystem type
in the surface-water basins of southern Florida, and
include the cypress forests of the Big Cypress Basin,
the sawgrass marshes of the Everglades, and the man-
grove forests of coastal waters. Freshwater wetlands
merge with coastal wetlands and sustain them through
seasonal sheetflow of waters with low nutrient concen-
trations. A large number of canals cut through the wet-
lands of southern Florida and are isolated from the
ecosystems of the adjacent wetlands. These canals are
often enriched with nutrients, are periodically dredged
to facilitate maximum discharge, and have habitat char-
acteristics very different from surrounding wetlands,
natural rivers, and streams. The biological communi-
ties of aguatic ecosystems in southern Florida reflect
past and present water-quality conditions and simulta
neously influence the nature of future water quality
through a series of complex and dynamic interactions.

Theintensity and pervasive nature of human activ-
itiesin southern Florida has had significant conse-
guences for the ecology of the aquatic habitatsin the
region. Although there are many issues of importance
to aquatic ecology in southern Florida, those which are
critical to the ecosysteminclude: altered hydropatterns;
the influence of nutrient enrichment; the occurrence
and distribution of mercury; endocrine disruption and
other effects of pesticides and other organic com-
pounds; and the spread of exotic plant and animal spe-
cies.The many factors influencing aquatic ecology in
southern Floridainteract in complex ways, with conse-
quences of greater magnitude for the biota than those
expected if the individual factors acted separately.

Surface-water quality, ground-water quality, and
aguatic ecology in southern Florida are being studied
(1996) in the context of ecosystem restoration by
numerous Federal, State, and local agencies, and by
private organizations. There is awidespread commit-
ment to develop a fundamental understanding of
ecosystem function in southern Florida. Efforts are
underway to formulate and implement abroadly based,
basin-wide water management strategy for the region
in order to restore and maintain a sustainable ecosys-
temin southern Florida. The U.S. Geologica Survey is
a participant in these efforts, and the data collected in
the Southern Florida NAWQA study unit will contrib-
ute to ecosystem restoration efforts in south Florida.
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Appendix

Data Sources and Computation Methods Used for Pie Diagrams of Estimated

Nutrient Loads in Southern Florida

Fertilizer and Manure

Fertilizer and manure loads were calculated using a
combination of county-level estimates for fertilizer and
manure and large-scale land use and land cover (LULC) dig-
ital maps. Fertilizer estimateswere obtained from the Florida
Department of Agriculture and Consumer Services. Manure
data were computed by R.B. Alexander (U.S. Geological
Survey, written commun., 1992) using dataon county animal
populations obtained from the 1987 Census of Agriculture
and the manure nutrient content in units of kilograms per
year as N and P. Computations are based on estimates of the
nutrient content of daily wastes produced per 454 kg of ani-
mal weight. Estimates obtained from the Soil Conservation
Service, April 1992, the Agricultural Waste Management
Field Handbook, Chapter 4. Estimates of nutrient content, in
some cases, represent an average of the reported range of
values or are assumed values.

Fertilizer and manure data were available for each
county in the study unit, but not for the designated surface-
water basins. In order to determine estimates for the desig-
nated surface-water basins, it was necessary to determinethe
proportion of cropland in the basins for fertilizer estimates
and the proportion of other agricultural land inthe basinsfor
manure estimates, compared to total cropland and total other
agricultural land in the county. The proportion of cropland
was used to calculate the fertilizer use estimates for the
basin. The proportion of other agricultural land was used to
calculate the manure estimates for the basin.

The cropland estimates used are based on Water Man-
agement District (WMD) land cover and land use digital
maps. The Southern Florida NAWQA study unit falls under
thejurisdictions of three Water Management Districts: South
Florida (SFWMD), Southwest Florida(SWFWMD), and St.
JohnsRiver (SJRWMD). The LULC datafor SFWMD were
compiled in 1988. SWFWMD LULC digital maps were
compiled from aerial photography dated from 1989-91. SIR-
WMD LULC digital maps were compiled from aeria pho-
tography dated from 1986-91.

The gpecific LULC classfication systemsdiffered dightly
between Water Management Districts. For SFWMD, the fol-
lowing LULC categories were used for the fertilizer calcula-
tions: cropland, including sugar cane, truck crops, rice groves,
ornamentals, nurseries, tropica fruits, and sod farms. For
manure cal culationsthefollowing LUL C categorieswere used:
improved and unimproved pasture, confined feeding opera-
tions, including cattle, dairy, fish, horse, and poultry farms.

For SWFWMD and SIRWMD, thefollowing categories
were used for fertilizer calculations: row crops, field crops,
citrus, fruit, other groves, tree nurseries, sod farms, orna-
mentals, vineyards, floriculture, and timber seedlings. For
manure calculations, the following categories were used:
pasture, improved pastured, woodland pasture, feeding oper-
ations, including, cattle, poultry, swine, horse, dairies, ken-
nels, and fish farms.

Atmospheric Deposition

Three South Florida Water Management District precip-
itation-quality sites were used. These sites were selected
wherewater quality could be matched with datafrom nearby
daily precipitation-quality collectors. Only precipitation-
quality data collected after March 1992 were used (when
SFWMD began using NADP protocols). The precipitation-
guantity data (wetfall only) were summed for the 7 days pre-
ceding the Tuesday morning collection of the precipitation-
quality sample. This approach was used because precipita-
tion often fallsin the afternoon or evening during much of
theyear. If precipitation-quantity/quality datawere missing,
the nearest before and after data were averaged to compute
an estimated valueto avoid assuming zero loading during the
gapsin data. To compute the weekly atmospheric loading,
the 7-day sum of precipitation quantity in inches was multi-
plied by the concentration of total nitrogen or total phospho-
rusin milligrams per liter and by a conversion factor of
25.4 L kg mg?!inch® km to get aweekly loading in kilo-
grams per square kilometer. The weekly periods at the begin-
ning and end of the 1- or 2-year summing period were
adjusted by multiplying by the number of daysin the period
of computation and then dividing by 7 days. The weekly
sums were then added together to get total atmospheric load-
ing. If a2-year period was summed the |oad was divided by
2 to get an annual atmospheric loading of total nitrogen or
total phosphorusin kilograms (kg) of N or P per square kilo-
meter (km?) per year. The designated basins were converted
to agrid consisting of 1-km?grid cells. The three annual
average precipitation loadings were interpol ated/extrapo-
lated to the centers of the grid cells using the ARC/INFO
inverse distance weighting function. The interpolated/
extrapolated values were summed to produced total nitrogen
and phosphorus loads per basin.
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Total atmospheric deposition of nitrogen and
phosphorus includes wet and dry components, although the
dry deposition is generally not measured and is poorly
understood (Edgerton and Lavery, 1990); total depositionis
usually estimated using aratio of dry to wet deposition (Ger-
ald Morrison, South Florida Water Management District,

Loads for 3 major canals and rivers were computed from
different data sources. Loads for the Peace River at Arcadia
were computed from USGS discharge and nutrient-concen-
tration data collected during 1984-93 using the Estimator
program written by Timothy Cohn of the USGS. The use of
Estimator is described by Baier and others (1993). The nutri-

ent loads for the St. Lucie Canal were estimated using the
mean USGS discharge data for the St. Lucie Canal at struc-
ture S80 collected during 1953-91 and the mean nutrient
concentration data collected during 1989-91 by Germain
(1994). Nutrient loads to the Big Cypress Basin were esti-
mated from USGS discharge data collected during 1964-94
at 40-Mile Bend to Monroe and mean nutrient concentration
data collected at Tamiami Trail Bridge 105, as reported in the
SFWMD data base (DBHYDRO) from 1984-93.

written commun., 1992). Estimates of the dryfall to wetfall
ratio in Florida range from 0.30 (CH,M Hill, 1992) to 2.04
(Environmental Science and Engineering, 1977; Zarback
and others, 1994). We have chosen the lower ratio as a con-
servative estimate for southern Florida and have multiplied
the wet deposition by 1.3 to obtain atotal atmospheric depo-
sition.

Septic Tanks

Thenitrogen and phosphorusloadsfor septictankswere ~ Wastewater Treatment Facilities

calculated using county estimates of septic tank numbersand
drainage basin population data. The septic tank data were
obtained from Marella (1994). In order to determine the
number of septic tanks within each basin from the county

Nitrogen and phosphorus loads generated by wastewa-
ter treatment facilities were calculated using wastewater dis-
charge amounts and disposal source. The amount of nutrients
) ) ) - s in wastewater is determined primarily by the level of treat-
estimate, the proportion of population withinthebasinwas ot Most wastewater treatment in Florida is secondary
cal culated from county population estimates for census (Sharon Sowicki, Florida Department of Environmental Pro-
block groups. For example, if 90 percent of a county’s 199Q¢tion, written commun., 1996). Only those facilities that
population lived within a given basin, then 90 percent of theischarged wastewater within the designated basins were
septic tanks for that county were allocated to that basin.  included in the calculations. Wastewater treatment facilities

In order to determine nitrogen and phosphorus loads that discharged treated wastewater directly to the Atlantic

from numbers of septic tanks, estimates were obtained for ©cean were removed from the calculations. According to
the amount of nitrogen and phosphorus potentially generateg@vid York (Florida Department of Environmental Protec-
by a septic tank. According to Tchobanoglous (1991), 11 tion, Draft Domestic Wastewater Management S(_acuon for
kglyr of nitrogen and 4 kg/yr of phosphorus can be generatefnapter 10 (Water Management Programs), Florida Water
per septic tank. Therefore, the number of septic tanks in a ~1as: table 1, written commun., 1996), secondarily treated
given basin was multiplied by 11 and 4 to obtain nitrogen wastewater can contain 15 mg/L nitrogen and 8 mg/L phos-

and phosphorus loads, respectively, for that basin. phorus, so these am(_)unts_, along with the discharge amounts,
were used to determine nitrogen and phosphorus loads.

Major Canals and Rivers

Loads of total phosphorus and total nitrogen from major
canals and rivers were estimated for use in table 3 and figures
5 and 6. For most sites, these loads were estimated using
average annual discharge during 1980-89 (South Florida
Water Management District, 1993) reported in 1,000 acre-
feet per year times the mean concentration of total phospho-
rus or total nitrogen (Germain, 1994) reported in milligrams
per liter times a unit conversion factor of 1233.482 (L
kg)/(thousands acre-ft mg). The computation was done using
a FORTRAN program.
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